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Introductkm  •  Research  Highlights 


This  report  provides  a  comprehensive  summary  of  EPR  and  correlated  optical 
sp^troscopic  studies  conducted  in  our  laboratory  on  a  new  class  of  solid-state  nutterials 
with  potential  utility  as  near  IR  lasers.  All  of  dhe  studied  materials  involve  oxide  host 
lattices  (silicates,  vanadates,  and  germanates)  doped  with  3d  transition  metal-ions 
(chromium  and  manganese).  The  novelty  of  Um  materials  is  connected  to  the  tetrahedral 
coordination  and  unusual  oxidation  states  of  the  dopant  ions.  The  objective  in  our  studies 
is  to  determine  these  propettitsof  the  laser  active  ions.  We  rely  on  EPR  spectroscopy  to 
determine  the  elemental  identity  of  dopant  (and  impurity)  ions,  the  “spin"  of  the  ions  and 
hence  their  oxidation  numbers,  and  the  crystallographic  position  of  the  ion,  hence  the 
coordination  number  of  the  ion  (barring  crystallographic  ambiguities).  Correlated  optical 
spectroscopies  -  such  as  optical  Zeeman  spectroscopy  -  are  used  to  establish  a  link 
between  magnetic  resonance  and  optical  properties:  by  linking  a  relevant  optical  center  to 
an  EPR  spectrum,  all  of  the  characteristics  ascertained  through  EPR  can  be  attached  to 
the  optical  center. 

The  impetus  for  this  work  stemmed  from  the  discovery  of  laser  action  in 
chromium-doped  forsterite,  and  the  ensuing  controversy  regarding  the  coodination 
number  and  oxidation  state  of  the  chromium  ion.  A  key  highlight  of  our  research  is  the 
experimental  proof  that  the  tetrahedral  Cr^'^  is  the  active  center  in  Cr.forsterite  . 
Chapters  2-S  in  the  report  pertain  to  the  forsterite  problem.  Chapter  2  provides  a  detailed 
introduction  of  the  forsterite  problem  and  an  extended  account  of  the  EPR  results  and 
analysis  through  which  we  demostrated  the  presence  of  tetrahedral  Ci^'*’  in  Crrforsterite. 
(An  abbreviate  version  of  this  work  has  b^n  published:  Joum.  Chem.  '^hys.  98,  3656 
(1993)).  Chapter  4  -  a  preprint  of  an  article  soon  to  appear  in  the  literature  (Joum.  Opt. 
Soc.  Amer.  B  11  (1994))  •  is  a  detailed  account  of  the  optical  Zeeman  spectroscopy,  with 
fluorescene  line-narrowing,  that  proves  that  the  Cr^  centers  observed  by  EPR  are  also 
responsilbe  for  the  near  IR  luminescence  and  laser  activity.  This  work  includes  an 
analysis  of  the  Zeeman  splittings  as  well  as  a  simple  model  to  account  for  the  intensities 
of  the  FLN  spectral  lines.  Chapters  3  and  5  are  reprints  of  prelimianry  reports  of  these 
studies,  published  in  the  OSA  Proceedings  on  Advanced  Solid-State  Lasers  ;  these  brief 
papers  are  included  here  for  completeness. 

The  results  on  forsterite  -  specifically,  the  discovery  of  terta-oxo  ion  lasing  centers 

-  rapidly  lead  to  studies  of  numerous  other  materials  conceived  to  incorporate  3(fi  ions  at 
tetrahedral  sites  in  oxide  lattices.  The  most  signifleant  of  the  survey^  materials  is  the 
manganese-doped  barium  vanadate  system  (Chapters  7  and  9),  because  of  the 
demonstration  of  laser  action  in  this  material.  We  present  an  extended  account  of  our 
EPR  studies  of  (Mn:Ba3(V04)2)  in  Chapter  7.  (An  abbreviated  version  of  this  work  has 
been  published:  Phys.  Rev.  B  47, 1 1479  (1993)).  This  EPR  study  reveals  the  presence  of 
both  tetrahedral  Mn^**^  and  Mn^  in  this  material.  In  Chapter  9  we  present  a  brief  account 

-  to  be  published  in  1994  OSA  Proceedings  on  Advanced  Solid-State  Lasers  -  of  a  novel 
optical/spin-echo  double  resonance  study  that  proves  that  Mn^'*'  is  the  laser  center  in  this 
material.  This  work  represents  the  first  application  of  time-domain  EPR  methods  with 
pulsed  laser  excitation  in  these  materials.  We  also  present  previously  unpublished  EPR 
results  on  Cr:gehlenites  (Chapter  6)  and  CnLLGG  (lanthanum  lutetium  gallium  garnet) 
(C!hapter  8).  The  gehlenite  spectra  do  not  appear  to  derive  from  isolated  ions,  a  fact  that 
might  be  related  to  its  di-orthosilicate  (sorosilicate)  structure.  The  LLGG  system  reveals 
a  Cr3+  rather  than  a  Cr^'*'  center.  Because  of  the  expansion  of  the  garnet  lattice  LLGG, 
however,  the  Cr^'*'  is  lodged  at  the  tertahedral,  gallium  site. 
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Chapter  2 _ 

Ekctron  Panunagnetic  Raaonance  Spactroacopy  of  Tetralicdral  Cr^  in 
Chromiani-Doped  Fonlerita  and  Akarmanite. 
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Electron  Farii— (pHk  RwoMare  Spectrotopy  of  TetrahMlnJ 
Cr^  in  ChraBini>Dopad  Foriterlte  and  jllMrmnIte. 

Michael  H.  Whitmore.  Ann  Sacra,  and  David  J.  Singe! 

Department  of  Chemistiy.  Harvard  University. 

12  Oxford  Street.  Cambridge,  Masaachus^  02138 

ABSTRACT 

The  observation  of  near  IR  laser  action  in  chmnium  activated  foisterite  by  PetriCevi£,  ef 
at.,  (Appi.  Phys.  Lett.  52. 1040  (1988))  has  spawned  conaidenble  interest  in  identifying  and 
characteiiziDg  the  quadrivalent  chrcnnium  centers  purportedly  lesponsibie  for  laser  actitm  in 
this  "Mr*""!  The  EPR  (election  paiamagnetic  resonance)  spectroscopy  reported  here  of 
chromium-doped  forstoite  and  structurally  rdated  Akeimanite  provides  compelling  evi¬ 
dence  for  the  presence  of  tetnhedral  Ci^  centers  in  both  mateiiala  The  EPR  spectra  reveal 
substitutimal  incorporation  of  chronuum  ions  with  triplet  spin  multiplicity,  assignable  to 
Cr^.  The  floe  structure  and  election  Zeeman  interaction  paianKteis  of  the  centers  in  both 
materials  are  found  to  be  very  similar.  In  Ikermanite.  the  Ci^  center  is  unequivocally  ac- 
anrunodated  at  tetrahedral  lattice  sites.  The  similarity  of  the  qiectioscopic  properties  of  the 
Ci^  ions  in  the  two  materials  thus  imfdicates  inoorporatioo  at  the  analogous  tetrahedral 
sites  in  forsteiite.  In  conjunction  with  the  findings  recent  optical  Zeeman  studies  (K.  R. 
Hoffman,  et  at,  Phys.  Rev.  B  44,  12S89  (1991);  T.  S.  Rose,  et  at.  OSA  Proceedmgs  on 
Advanced  Solid  Suae  Lasers  13, 17  (1992)),  these  EPR  results  denxmstiate  that  tetrahedral 
Cr^  is  responsible  for  the  near  IR  laser  activity  in  chromium-doped  forsteiite. 
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I.  INTRODUCTION 


In  recent  years  there  has  been  coosidenble  interest  in  the  development  of  materials 
suitable  for  tunable  solid  state  lasers,  paiticulariy  those  with  emissioa  in  the  NIR  (near  in¬ 
frared)  region  of  the  electromagnetic  spectrum.  One  material  of  particular  significance  is 
chromium  activated  fofsterite.  Mg2Si04.  Laser  action  was  first  demanstiated  in  chronaium- 
doped  forsterite  by  Petrfievi£  et  o/..^  who  obtained  cohttcnt  emission  at  123S  nm  upon 
pumping  at  S32  nm;  they  assigned  the  active  center  to  Cr^  subatituling  for  Mg^'*'.  A  broad 
absorption  band  between  8S0  nm  and  IISO  nm  was  also  observed  and  attributed  to  impuri¬ 
ties  present  in  the  crystal.  1  After  Petrievi£  et  cU?  and  Vetdiin  et  aO  reported  dun  NIR 
lasing  could  also  be  achieved  by  exdtatiai  directly  within  this  absorption  band,  in  particu¬ 
lar  at  a  wavelength  of  1064  nm.  an  alternative  assignment  for  the  active  center  was  sug¬ 
gested.  namely  Cf^  substituting  for  silicon  at  tttrahedral  lattice  sites.  This  suggestion  was 
supported  by  the  contemporaneous  identification  d  tetrahedral  Cr^  as  the  species  respon¬ 
sible  for  parasitic  NIR  absorption  in  Nd:YAG  lasers.^ 

In  order  to  substantiate  this  view  of  Cr^  substitution  in  forsterite.  a  number  of  de¬ 
tailed  optical  studies^^^  have  been  undertaken.  The  optical  spectra  of  chromium-<loped 
fmsterite  are  not  highly  diagnostic,  however,  owing  largely  to  the  breadth  and  lack  of  reso¬ 
lution  the  spectral  conqpooents  —  an  inherent  proUem  associated  with  laser  materials 
with  broadly  tuiuble  emission.  The  optical  studies  have  therefore  not  completely  resolved 
the  idonity  of  the  active  center. 

The  utility  of  EPR  spectroscopy  fn’  the  deteiminatioo  of  the  identity  and  oxidation 
state  of  metal  ions  in  crystal  hosts  is  well  established.  The  forsterite  system  itself  provides 
an  exceUmit  examine  of  this  utility:  Rager  and  oo-workers^^l'^  have  demonstrated  the 
presence  and  discerned  the  incorporation  mode  o(  numerous  paramagnetic  ions  in  forsterite, 
including  Cr^.  In  this  article  we  report  EPR  spectral  studies  of  chromiom-doped  forstmite 
that  demonstrate  the  presence  of  Cr^  tons.  We  present  analogous  EPR  results  f<M’  the 
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chromium-doped  ikemumite.  Bi^MgGe207  (BMaG).  which  possesses  tttnhedral  catkm 
sites  oeariy  identical  to  those  of  forsterite.  The  similahty  of  the  EPR  spectral  properties 
found  for  the  Cr^  centers  in  these  crystals,  whose  only  common  feature  is  the  tesemUaiice 
of  their  tetrahedral  cation  sites,  strongly  implicates  these  sites  as  the  poation  of  Cr^  substi¬ 
tution  in  both  BMaG  and  forsterite. 

II.  THE  CRYSTAL  SYSTEMS. 

A.  Oyatal  Stractnres 

1.  Forsterite 

The  forsterite  crystal  is  of  orthrahombic  ^inmetry  with  the  space  group  Pbnm  (see 
Figure  2.1).!^  The  structure  is  composed  of  six-coordinate  M^'*'  ions  that  link  discrete 
Si04^  tetrahedra  (orthosilicate  structure).  Four  Mg2Si04  formula  units  constitute  the  unit 
cell.  Crystallograi^  data  for  forsterite  is  given  in  Table  2.1  and  the  crystal  lattioe  viewed 
along  each  of  the  three  crystallograidiic  axes  is  shown  in  Figures  2.2, 2.3.  and  2.4. 

The  Si^  ions  are  situated  at  the  crystallograi^c  4c  position;  the  Mg^'*’  ions  lie  at 
two  distinct  equivalent  positions.  4a  and  4c  (designated  Ml  and  M2  teq)ectively). 
Accordingly,  incorporation  of  Cr^  through  cationic  substitution  can  occur  only  at  the  48  or 
4c  positions.  The  former  have  site  synunetry  C,.  whereas  the  latter  are  situated  on  the  mir- 
rcv  planes  perpendicular  to  the  crystallographic  c  axis  and  have  site  symmetry  Q.  For  an 
ion  in  the  4c  position,  the  minor  symmetry  requites  that  a  magnetic  principal  axis  —  a 
principal  axis  of  all  electron  spin  interaction  matrices  —  coincide  with  the  c  axis  (see 
Figure  2.1  bottom).  Inversion  synunetry  relations  among  the  4c  positkms  lead  to  dieir 
pairwise  magnetic  equivalence  ftn  arbitrary  orientation  (tf  the  external  magnetic  field  within 
the  crystal.  Moreover,  all  four  centers  are  magnetically  equivalent  when  the  field  lies  in  the 
nc  or  be  planes  as  a  consequence  of  the  dyad  axes  that  interrelate  the  ions.  In  contrast,  ions 
lodged  at  the  4a  sites  are  pairwise  magnetically  equivalent  when  the  field  is  oriented  in  the 
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Ion  Site  Sym.  _ Coor^"«»fa^ _  q 


X 

y 

z 

Mgi 

4a 

T 

0 

0 

0 

+2 

Mg2 

4c 

m 

0.9687 

0.2792 

lA 

+2 

Si 

4c 

m 

0.4287 

0.0957 

lA 

+4 

Oi 

4c 

m 

0.7661 

0.0918 

lA 

-2 

02 

4c 

m 

0.2127 

0.4514 

lA 

-2 

.22— 

8d 

1 

0.2844 

0.1633 

0.0357 

-2 

TABLE  2.1.  Crystellogi^iiiic  date  for  focsteiite.  Oitboriioininc  Pbom.  ap4.7S6  A, 
b=10.207A.c=5.9«)A.W 
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c 


FIG  2.1.  Diagrams  of  space  group  Pbiun  showing  <xientation  crystal  axis  system.  The 
heavy  lines  are  mirror  planes.  The  top  figure  shows  the  various  space  group  operations  with 
circles  represmiting  inversion  centers,  lozenges  represmiting  screw  t^rads,  and  dashed  lines 
mpwwenring  glide  planes.  The  bottom  figure  shows  the  four  4c  sites  (labeled  with  Greek 
letters)  each  with  the  mandattxy  rrutgnetic  axis,  here  labeled  y,  perpendicular  to  the  minor 

plane.^9 
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FIG  2JL  Forsterite  crystal  lattice  showing  silicon  tetrahedra.  View  is  parallel  to  the  a-axis  with 
the  b-axis  vertical. 


9 


FIG  23.  Focsteiite  crystal  lattice  showing  silicon  tetrahedra.  View  is  parallel  to  the  b-axis 
with  the  c-axis  vertical. 


FIG  2A.  Focsterite  oysttl  lattice  showing  stlioon  te&ahedn.  View  is  parallel  to  the  c-axis  witii  ' 
the  iMxis  veitical. 
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piaoe$  ortbogooal  to  the  ciystallognphic  axes,  but  oo  magsetic  equivalences  an  nquind  at 
aibitniy  field  ofieatnioiia.  These  magnetic  equivaleaoes  an  summaiued  in  Table  12. 

The  diqjante  patterns  of  magnetic  equivalence  pennit  nady  idemification  of  die 
oysiallogrqiiiic  positiao  of  a  aubsdtnted  ion.  as  was  shown,  for  example,  by  Rages  in  his 
study  of  Ci^  in  fotsterite.^^  Unfortnnaldy.  sinoe  the  4c  position  in  fonteiile  encompasses 
both  the  octahednl  site  and  the  tetiahedial  Si^  site,  theae  pattens  do  not  afTocd  a 
full  specifkadon  of  either  the  substitution  site  of  a  cation  or  its  coordinaiion  number.  This 
ambiguity  in  site  geometiy  modvales  the  study  of  Ikeimanite.  udiich  lade  octahedral  subati- 
tudoo  sites  altogedier. 


The  Ikeimanites  CMSO  (Ca2MgSi207)  and  BMaG  (B^MgGe207)  an  composed 
of  Ci^'*'/Ba2'*-.  in  ei^  fold  oxygen  coordination,  and  Mg^^.  in  tetrahedral  oooidinadon. 
connecting  pairwise  interlinked  oxygen  tetrafaedra  (sorosiliGaie  stinctnie)  oemeied  on 
Si^/Ge^.  The  crystal  has  tetragonal  symmetry  with  die  space  groop  P72im  (see  Hgme 
2.5)  and  two  formula  units  per  unit  odL^^'^  Crystallogiaphic  data  for  CMSO  is  given  in 
Table  23  and  the  crystal  latdce  viewed  along  the  crystallographic  axes  is  shown  in  Hgnics 
2.6. 2.7.  and  2.8.  As  no  X-iay  structure  is  availaUe  for  BMaG.  data  from  the  closely  rdated 
Ba2ZttGe207  is  given  in  Table  2.4. 

The  Mgj^  ions  occur  at  position  2a  and  the  C^IB^  and  Si^/Ge^  k»s  at  poai- 
don  4e.  The  former  have  site  symmetry  S4  with  the  rotation  axes  paralkl  to  die  crystallo- 
gnqihic  c  axis,  whereas  the  latter  lie  on  miiTor  planes  perpendiadar  to  die  oyatallognqduc 
l(a±b)  axes  21  and  have  site  symmetry  Cg.  The  S4  syimnetiy  of  ions  at  the  2a  position  re> 
quires  that  they  display  axial  symmetry  in  their  sjm  coiqiling  matricfs.  with  unique  mag¬ 
netic  axes  lying  along  die  crystallogiaphic  c  axis  (see  Hgnre  23  bottom).  Therefore,  the 
two  crystdlogiaphically  equivalent  sites  must,  in  general,  be  magnedcally  equivalent.  Ions 
located  at  the  4e  position  must  have  a  magnetic  principal  axis  normal  to  die  muror  plane  on 


IS 


TABLE  2J.  Mignctk  eqmvakwaes  for  poHiUe  cation  nbilitiilkm  nlM  in  foiBlerile  aa^ 
ikennaoites. 


ion  sue  sym.  _ uxMdiMtee 


X 

y 

z 

Ca 

4e 

m 

03355 

0.5 -X 

0.5073 

*2 

Mg 

2a 

7 

0 

0 

0 

♦2 

Si 

4e 

m 

0.1396 

0.5 -X 

0.9412 

+4 

Oi 

2c 

mm 

0.5000 

0.5 -X 

0.1804 

-2 

O2 

4e 

m 

0.1450 

0.5 -X 

0.2583 

-2 

O2 _ 

8f 

1 

O.0S2O 

0.1820 

0.7909 

-2 

TAMLE  2J.  Ciystallognpliic  data  for  CMSO  (Ca2MiSi207).  Tetagoaal  P72im. 

aab=7.7g9  A,  csS.018  A.20 

loa 

Site 

Sym. 

Coordinates 

q 

X 

y 

z 

Ba 

4e 

m 

0.1651 

-03349 

0.4927 

+2 

Zn 

2a 

7 

0 

0 

0 

+2 

Ge 

4e 

m 

03591 

-0.1409 

0.0383 

44 

Oi 

2c 

mm 

0.0826 

0.1873 

0.8105 

-2 

O2 

4e 

m 

-0.1393 

-03607 

0.2717 

-2 

-92. . 

8f 

1 

0.0000 

03000 

0.8404 

-2 

TABLE  2A,  Ciystallognfiiiic  data  for  BZaG  (BaeZoGe207).  Tetngoaal 
PT2im.  i^b<r83d7  A,  CS5354  A.W 
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FIG  25.  Oiagnuns  of  space  group  P72im  dwwiiig  orientation  of  crystal  axis  system.  Tlie 
heavy  lines  are  minor  planes.  The  top  figure  aho«vs  the  various  space  group  operations  with 
lozenges  representing  rotation  diads,  lozenge/diamonds  representing  inversion  tetrads,  and 
dashed  lines  wfWMtim  glide  i^anes.  The  bottom  figure  shows  the  four  4e  sites  (labeled  with 
Greek  letters)  each  with  the  mandatory  magnetie  axis,  here  labeled  x.  perpendicular  to  the 
minor  plane.^ 
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FIG  24.  CMSO  (Ca2MgSi207)  crystal  lattice  showing  silicon  tetrahedra.  View  is  parallel  to  the  a-axis  with  the 
c-axis  vertical. 


FIG  2.7.  CMSO  (Ca2MgSi207)  crystal  lattice  showing  silicon  tetiahedia.  View  is  parallel  to 
an  a+b-ajus  with  the  c-axis  vertical. 
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FIG  CMSO  (C%MgSi207)  ciystal  lattice  showing  silicon  tetiabedra.  View  is  parallel 
to  the  c-axis  with  the  a-axis  vertical. 
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which  they  are  situated.  The  four  crystallographically  equivalent  sites  are  thus  pairwise 
magn^cally  equivalent  in  the  three  principal  crystallographic  planes,  but  need  show  no 
magnetic  equivalence  fcv  an  arbitrary  orientation  of  the  field  within  the  crystal.  These  mag¬ 
netic  equivalences  are  summarized  in  Tidde  2.2. 

Inasmuch  as  the  patterns  of  magnetic  equivalence  for  ions  at  the  4e  and  2a  positimis 
are  very  different,  substitution  at  the  two  tetrahedral  positions  is  readily  distinguishable. 
Moreover,  while  the  4e  position  embraces  two  substitution  sites,  the  disparity  in  ionic  radii 
of  Ca^^/Ba^*^  versus  Si^/Gef^  suffices  to  mnove  any  ambiguity  in  site  anagtimiMitr  only 
the  latter  site  is  fitting  for  Cr^  substitutioiL 


The  oidy  common  feature  of  the  hlcMinanile  and  forstoite  structures  is  the  similarity 
of  their  SiQi^  tetrahedra.  This  similarity  is  illustrated  in  Figure  2.9.  Most  notably,  Sker- 
manite  lacks  the  octahedral  cation  sites  through  which  forsierite  accommodates  a  host  of 
guest  ions.^^^*^  The  greater  sdectivity  of  Skennanite  facilitated  our  initial  discovoy  and 
characterization  of  the  EPR  qrectrum  aS  tetrahedral  Ct^  centers.  The  results  on  BMaG,  in 
turn,  facilitated  the  subsequent  identiftcation  the  analogous  center  in  chromium-doped 
forstetite. 

B.Cr^ 

Both  forsterite  and  BMaG  crystals  were  doped  with  chromium  under  oxidizing 
conditions  designed  to  promote  inclusioa  as  Cr^.  The  quadrivalent  duomium  ion  has  a 
ground  electronic  configuration  [Ar]3<P  with  the  lowest  energy  Russell-Saundeis  term  of 
^F.  In  a  weak  tetrahedral  crystal  field,  dre  ^F  term  is  ^tt  with  the  ^A2  state  lying  lowest  as 
shown  in  Hgure  2.10.  Based  on  optical  data  of  the  presumed  Cr^  tetrahedral  site,^*^  the 
^A2  state  would  be  stabilized  by  10*  cm*^  relative  to  the  next  highest  state,  ‘^2-  The  isola¬ 
tion  of  the  orbitally  non-degenerate  ground  state  makes  the  observation  of  the  Cr*^  EPR 
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FIG  2.10.  Energy  level  diagram  for  a  d^  ion  in  a  tetrahedral  field. 
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possiUe  at  room  temperature.  In  contrast,  in  octahedral  fields  the  state  lies  lowest  The 
orbital  degeneracy  of  this  state  would  be  raised  by  the  joint  effects  of  spin-orbit  coiqiliag 
and  symmetry-lowering  in  Ikermanite  and  forsterite.  Nonetheleas,  the  resulting  low-lying 
electronic  excited  states  would  typically  lead  to  r^iid  spin-lattice  relaxation  and  necessitate 
low  temperatures  for  the  observation  of  EPR.^ 

The  trifrfet  spin  degeneracy  of  the  ^A2  ground  state  of  tetrahedral  Cr^  is  similarly 
lifted  by  spin-txtnt  coupling  and  symmetry-lowering.  We  summarize  the  fiiie-stnicture  and 
7#!^man  interactions  of  the  ion  using  the  conventioaal  spin  Hamiltonian,^ 

S  +  D(S22-S«S/3)  +  E(Sx2-Sy2)  (2-1) 

in  which  Itisl  the  magnitude  of  the  B<^  magnetoo.  Bo  is  the  laboratory  field,  g  is  the 
Zeeman  interaction  matrix.  S  is  the  electron  spin  operator,  with  5=1.  and  D  and  E  are  the 
fine  structure  parameters;  x,  y,  and  z  comprise  the  principal  axes  of  the  fine  structure  inter- 
actioiL  If  the  g-anisotropy  is  very  small  (as  we  ultimately  find  to  be  the  case),  disdnctioos 
between  {x,  y,  z}  and  the  principal  axes  of  g  would  be  scarcdy  discemiUe.  Accordingly, 
we  take  the  two  principal  axis  systems  to  be  coincident 

in.  APPARATUS  AND  EXPERIMENTAL  PROCEDURES 

A.Ci7Stala 

Single  crystals  of  chromium-doped  forstmite  were  obtained  from  Dr.  R.  C.  Mcmis 
of  Allied-Signal  Coipmatian,  ftofessor  D.  J.  Simkin  ctf  McGill  University,  and  Dr.  R  R 
Verddn  of  Fibertek  Inc.  These  crystals  were  examined  (Really  and  shown  to  manifest  ab- 
sorptioos  assodated  with  the  putative  Cr^  cenier.^*^*'^'^^  The  crystals  obtained  from  Morris 
were  doped  heavily  enough  to  show  distinct  coloration  with  trichroism  visiUe  to  the  naked 
eye.  The  samples  from  Simkin  and  Verdun  were  more  li^itly  doped  and  showed  only  faint 
color.  All  crystals  were  free  of  visible  flaws.  The  crystals  w«e  cut  into  cubes  with  faces 
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perpendicular  to  the  a.  and  c  axes.  Sample  volumes  wm  approximately  0.01  to  0.02 
cm^. 

Single  crystals  of  chromium-doped  BMaG  and  CMSO  were  obtained  from 
Professor  H.  P.  ienssen  of  MIT.  Optical  spectm  of  these  crystals  displayed  the  sanae  cbamc- 
teristic  absorptions  as  those  attributed  to  Cr^  in  foisterite.^  Two  BMaG  samples  of  differ¬ 
ing  chromium  ooncentiation  (0.01  and  0.S  mc4e  peroem  in  the  melt)  were  used  for  the  ex¬ 
periments;  bodi  were  aqua  blue  in  color.  The  CMSO  sample  had  a  chrominm  ooncentntion 
of  0.25  mole  percent  in  the  melt  and  was  pnrple  in  color.  All  samples  were  free  of  visible 
flaws.  The  crystals  were  cut  into  right  triangular  prisms  with  faces  pespendicular  to  the  a,  b. 
c  and  a4b  axes  and  widt  volumes  of  approximately  0.01  to  0.02  cm^. 

Da  £FK  ofHXn&OOpj 

experiments  were  performed  with  a  Varian  E-109  X-band  spectrometer  using 
lOQkHz  modulation  and  a  Varian  E-231  TE102  rectangular  cavity.  The  Add  was  varied 
over  a  range  of  0.05  to  10  kG  and  measured  with  a  Walker  Scieatiflc  MG-3D  gaussmeter 
that  was  calibrated  with  a  Micro-Now  Instruments  Model  515B-1  proton  gaussmeter. 
Observations  were  obtained  at  frequencies  of  9.5. 9.2  and  9.1  GHz.  Most  experiments  were 
carried  out  with  sam|des  at  ambient  tetrqietatures,  although  some  were  performed  at  tem¬ 
peratures  of  qjproximately  100  K  andlO  K.  Low  temperatures  were  achieved  using  either  a 
Varian  E-2S7  VariaUe  Temperature  Accessory  or  an  Air  Products  LTD-3-110  HdiTran 
liquid  He  transfer  systerrt  Some  experiments  were  performed  at  Bnrker  Instruments.  ItK. 
(Billerica.  MA)  on  a  Broker  ESP 300  X-band  spectrometer. 

The  samite  crystals  were  mounted  by  use  d  Apiezm  N  grease  on  rexolite  sample 
rods.  The  normal  to  the  desited  crystal  rotation  i^ane  was  aligned  by  eye  along  the  tod  tota- 
timr  axis;  the  alignment  error  in  mourning  was  less  than  2Smx.  The  rods  were  then  moimted 
in  a  Varian  goniometer  and  rotated  in  the  cavity  about  an  axis  parallel  to  the  microwave 
field.  Bi,  and  perpendicular  to  Bo-  The  uncertainty  in  the  angular  orientatioo  of  the  sam|de 
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due  to  die  rotator  gear  was  approximately  2imi.  Expeiiments  performed  at  Biuker  involved 
samples  momned  on  a  douMe  circle  goniometer  that  allowed  rotation  of  the  crystal  wnyles 
abom  ofdwgonal  axes  parallel  to  both  BianBo- 

IV.  EXPERIMENTS  ami  RESULTS 


Measurements  were  made  on  BMaG  with  magnetic  field  rotation  in  the  nb.  ac.  and 
n4li^  crystallographic  planes.^  As  indicated  in  Sec.  II  A.2.  crystallographic  symmetiy  or¬ 
dains  that  the  piincipnl  axes  0[  the  fine-structure  and  electron-Zeeman  interaction  can  be 
found  in  these  planes  for  any  cation  incorporated  subsdtutionally  in  ikennaaite.  In  the  0.S 
percoit  sample  diree  sets  of  strong  EPR  signals  were  found  at  room  temperature.  Two  of 
these  sets  can  be  identified  as  belonging  to  ions  substituting  at  the  2a  site;  they  are  readily 
assigned  to  Mn^'*’,  with  its  characteristic  hyperftne  structure,^  and  with  an  axial 
qiectium  similar  to  in  garnet^  The  third  set  of  signals  displays  intensities  several 
times  greater  than  those  of  the  signals  assigned  to  or  Mn^^  (see  Hgnre  2.11  top).  In 
the  0.01  percent  sample,  however,  only  the  and  Fe^  signals  were  delected;  these  sig¬ 
nals  were  of  approximately  the  same  unplitude  as  in  the  more  heavily  doped  sanqile.  We 
therefore  attribute  the  third  set  of  signals  to  chrorruum.  The  observed  lines  are  brood 
(approximately  80G)  and  have  no  apparent  structure.  Similar  expeiiments  were  perfonned 
on  the  CMSO  crystal;  although  signals  were  found,  no  signals  analogous  to  those  of 
chromium  in  BMaG  were  observed. 

The  fields-for^esonanoe  of  the  chromium  centers  in  BMaG  were  measured  as  a 
functioo  of  orientation  of  Bn  within  the  ah;  nc.  and  n+bye  ciystallogiqiliic  jdanea  The  re¬ 
sults  are  diown  as  the  friotted  points  in  Hgure  2.12.  The  variation  in  resonant  fleld  with  ro¬ 
tation  in  the  abidane  clearly  indicates  that  the  signals  originate  from  the  4e  sites:  for  an  ion 
located  at  the  2a  position,  this  resonant  field  should  be  stationary  as  the  Add  is  rotated  in 
this  plane.  In  view  of  the  pnirwise  magnetic  equivalence  of  the  4e  sites  in  the  ab  and  be 
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FIG  2.11.  ExenpbiyEPR  speeds  of  cbromium-doped:  BMaG  (top)  with  Bt  near  a4l»  and  Bi 
I  along  e.  and  fofsteiiiB  (bottom)  with  near  b  and  Bi  along  a.  The  arrows  designam  the  EPR 

I  lines  assigned  to  tedahedral  Cf^;  the  sharp  lines  in  the  forsterile  spectnim  derive  from  the 

Ci^qiecies  analyzed  by  Rager  and  oo-workere  (Refs.  15.16,17).  The  EFR  lines  associsled 
I  with  the  most  prominem  of  these  species  are  truncated  in  this  display. 
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FIG  2.12.  Fidd-far-resonaiice  vs.  orientatioa  of  id  the  ab,  be  and  c#+b  ciystallognphic 
plan#*  for  Ci^  in  BMaG.  The  points  are  the  experimental  data,  and  die  aolid  curves  derive 
from  the  best  flt  spin-Hamiltonian  parameters,  as  described  in  the  text 
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Orientation  of  Magnetic  Fie 


pUoes.  the  appearance  of  only  two  linea  in  these  planes  discloses  that  only  one  resonance 
absorption  per  magnetically  inequivalent  site  is  observed. 

There  is  one  anomaly  in  this  analysis  erf  the  signals:  the  absence,  for  field  rotation  in 
the  a4liye  plane,  of  the  lines  that  correspond  to  the  low  field  lines  that  are  observed  when 
the  field  is  rotated  in  the  ab  plane.  When  Bo  lies  in  the  ab  jdane  (with  Bi  al<»g  c),  in  par¬ 
ticular  along  a4b,  two  lines  are  visiUe,  but  when  Bo  lies  in  the  n+fase  plane  (with  Bi  along 
a-b)  only  one  line  is  found,  even  when  Bo  is  again  almig  a4b.  Evidently  the  intensity  of  the 
low  field  line  depends  strongly  on  the  orientatioo  of  the  microwave  field,  vanishing  when 
Bi  is  ixiented  along  a^b. 

To  characterize  this  bdiavior  more  fully  we  utilized  a  two  circle  goniometer  to  per¬ 
form  experiments  in  whidi  we  aligned  Bo  along  then  rotated  the  crystal  about  Bo.  thus 
varying  the  orientation  of  B]  in  the  crystal.  The  series  of  EPR  spectra  obtained  in  this  man¬ 
ner  is  shown  in  Hgure  2.13.  A  progression  d*  signal  intensity  from  a  maximiifn.  when  Bi 
lies  along  c,  to  a  minimum,  when  Bi  lies  along  a*b.  is  observed. 

B.  Forsterile 

Measurements  were  made  <m  forsterite  with  magnetic  field  rotation  in  the  ab.  ac, 
and  be  crystal  planes.  As  noted  in  Sec.  II  A.1,  a  cation  incorporated  at  the  4c  site  in 
ftvsterite  most  have  one  of  its  magnetic  axes  oriented  along  c  with  the  other  two  lying  in 
the  ab  plane.  Scores  of  EPR  signals  were  detected  in  each  0[  the  laser  crystals  examined; 
many  of  these  are  shown  in  Figure  2.14.  In  the  ac  and  be  planes  a  signal  was  detected  very 
mnch  like  that  of  chromiom  in  BMaG.  This  sigiud.  observable  at  room  tempoature.  is 
stremg,  brood  (approximately  30G),  and  featureless  (see  Figure  2.11  bottom).  Experimmits 
were  performed  on  several  crystals;  the  sigiud  intensity  shows  positive  correlation  with  the 
(xdoration  of  the  crystal  and  thus  the  chromium  concentration.  We  therefore  attribute  the 
sigiud  to  chromium. 
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FIG  2.13.  Variation  of  Ct^  EPR  intensity  in  BMaG  with  crystal  rotation  about  Ba-  In  the 

series  of  plectra  shown.  Bo  is  parallel  to  a+b  while  the  orientation  Bi  is  varied  from  c 

(signal  maximum)  through  a*b  (signal  minimum).  The  EPR  bne  observed  corresponds  to  the 
« 

low  field  line  in  the  rdb  plane  shown  in  Hgure  2.12. 


The  fields-for-resonaiice  associated  with  rotation  of  the  magnetic  field  in  the  ac  and 
be  {daaes  are  shown  as  the  plotted  points  in  Figure  2.  IS;  the  gaps  in  the  data  are  a  conse¬ 
quence  of  spectral  overlap  with  other  strong  signals.  The  low  field  extrema  in  these  planes 
show  a  dependence  on  the  spectrometer  frequency.  With  Bo  oriented  along  a  (or  b)  these 
extrema  are:  observed  at  610  G  for  a  frequency  of  9.S  GHz,  observed  at  160  G  for  a 
frequency  of  9.2  GHz;  and  no  Itmger  detectaUe  at  a  frequency  of  9.1  GHz.  Evidently,  the 
lestmant  levels  are  split  by  between  9.1  GHz  and  9.2  GHz  in  zero  field,  and  diverge  upon 
application  of  an  external  field  oriented  along  a  (or  b). 

No  signal  was  observed  for  rotatitm  with  the  magnetic  field  in  the  ab  plane, 
notwithstanding  careful  inspection  of  the  spectra  obtained  with  Bo  along  either  a  or  b  — 
orientations  at  which  lines  were  detected  with  field  rotatiem  in  the  ac  or  be  planes.  Clearly, 
the  signal  intensity  of  tiansitiems  in  the  ab  plane  depends  on  the  orientation  of  Bf. 
Deliberate  misalignment  of  the  rotation  axis,  specifically  a  tilt  of  approximately  SO-ISO  nut 
tilt  about  b,  allowed  two  lines  to  be  detected,  albeit  at  much  lower  intensity  than  was  seen 
in  the  ac  and  be  planes.  These  signals  are  shown  as  the  {dotted  pmnts  in  Hgure  2. 16. 

The  presence  of  only  one  signal  in  the  {danes  containing  c  demonstrates  that  the 
chromium  ion  must  occupy  the  4c  fxisition  rather  than  the  4a  position  from  which  at  least 
two  signals  would  derive.  In  the  ab  plane  the  4c  sites  are  pairwise  equivalent  resulting  in 
the  two  signals  seen  in  Figure  2.16.  The  presence  of  only  these  discrete  signals  discloses 
that,  as  is  the  case  with  BMaG,  only  one  resonance  absorptimi  per  magnetically  inequiva¬ 
lent  site  is  observed. 

V.  ANALYSIS  OF  RESULTS 

For  forsterite,  three  key  observ^ons  are  sufficient  for  assigning  the  proper  spin 
multiplicity  to  the  chromium  ion:  1)  the  presence  of  only  a  single  resonance  absoriition  per 
magnetically  inequivalent  site  in  the  surveyed  field  range,  2)  the  defiendence  of  the  inten¬ 
sity  of  the  signal  on  the  microwave  field  orientation  within  the  crystal,  and  3)  the  presence 
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FIG  2.15.  Field-fcM'-iiesoiiance  vs.  orientation  of  Bo  in  the  be  and  ac  crystallographic  planes  for 
in  forsierite.  The  points  are  the  experimental  data,  and  the  solid  curves  derive  from  the 
best  fit  spin-Hamiltonian  parameters,  as  described  in  the  text 


39 


(O^t)  PI9IJ 


FIG  2.M.  Field-for-resonanoe  vs.  orientation  Bo  near  the  abciystallogiaphic  plane  for  Cr^ 
in  forsierite.  The  points  are  experimental  data,  and  the  solid  curves  derive  from  the  best  fit 
spin-Hamiltonian  parameters,  as  described  in  the  text  In  order  to  obtain  this  data,  the  crystal 
rotation  axis  was  tilted  about  b to  make  an  angle  of  .  O.lx  withe. 
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of  a  zero  field  splinijic  of  resoaant  levels  aeaily  equal  to  the  micfowave  quaittum.  liV|i 
(where  is  the  miciowave  frequeacy  and  h  is  Planck's  constant). 

The  latter  observation  obviously  rules  out  a  5sl/2  syston.  whidi  can  have  no  zero 
field  splitting.  The  aMi|«nient  of  the  observed  resonance  lines  to  an  Ssl  system,  on  the 
other  hand,  is  completely  consistent  with  the  experimental  observations.  In  typical  eiqpeii- 
mental  situatioos,  if  D  »  hvin  then  only  transitions  baween  the  levels  split  in  zero  field  by 
2E  are  observed  as  illustrated  in  Figure  2.17.  If  the  2E  splitting  is  then  assumed  to  be 
somewhat  less  than  the  miciowave  quantum,  this  solitary  transition  should  be  observable 
for  any  cuientatioo  of  Bn  If.  however.  2E  >  hvin.  the  separation  (A  resonant  energy  levels  is 
necessarily  greater  than  bv^  and  resonance  is  not  attainable  for  any  magnetic  Odd  orienta¬ 
tions  except  those  close  to  the  mediant  magnetic  principal  axis  (conventionally  labeled  y). 

In  order  to  account  for  the  disappearance  of  the  low  fiekl  extrema  in  the  ae  and  be 
l^anes  of  fonretite.  2E  must  lie  between  9.1  and  9.2  GHz.  In  addition,  y  cannot  coincide 
with  a  (or  b).  Moreover,  cursory  comparison  of  B#!  at  the  resonant  Held  stationary  points 
(which,  by  syrmnetry,  occur  when  Ba  is  along  e  or  in  the  ab  plane)  with  the  bietaichy  of 
resonant  field  values  for  Ba  II  z,  y,  and  z  (illustrated  in  Hgure  2.17)  reveals  that  y  II  e,  and 
that  the  x  and  x  axes  of  the  two  magnetically  inequivalent  4c  ions  essentially  bisects  and  b 
The  tdatiooship  between  {z.  y.  z}  and  the  ct^^lograpbic  frame  is  shown  for  one  of  these 
two  ions  in  Figure  2.18. 

The  dependence  fA  EPR  signal  intensities  in  the  ab  {dane  of  forsterite  on  the 
orientatioo  of  Bi  widiin  the  crystal  is  also  consistent  with  the  assjgnmmt  of  Ssl.  Inasnauch 
as  the  fitting  between  resonance  levels  is  only  slightly  smaller  than  the  miciowave 
quantum,  the  EPR  transitiaos  occur  at  nearly  zero  field  for  all  magnetic  field  orientations 
exeqx  those  dose  to  y.  To  the  extent  that  the  mixing  of  the  zero  fidd  dgrastates, 
{ lTx>,  lTy>,  IT^},  by  the  small  Zeeman  interaction  is  negligible,  these  EPR  transitions 
are  subject  to  well-known  selection  rules  invedving  the  microwave  fidd  orientation.^ 
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FIG  2.17.  Upper  two  energy  levels  of  the  Cf^  ground  state  spin  trif^  (D>^iV|4)  with  the 
magnetic  field  oriented  along  the  three  magnetic  principal  axes.  The  zero  field  splitting  of 
these  levels,  2E.  is  9.2  GHz.  The  thick  arrows  show  the  transitions  possiUe  at  9.S  GHz, 
while  the  thin  arrows  show  the  transitions  posnble  at  9.1  GHz. 
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FIG  2.18.  OrientatioQ  of  the  magnetic  principal  axes  one  of  the  crystallographically 
equivalent  Ci^  ions  in  fonterile.  relative  to  the  crystailogrqihic  axes. 


Eianuiotkxi  of  the  axis  sysion  depicted  in  Rguie  2.18.  reveals  that  raiaiioD  of  Bp  in  the  ab 
crystallograpbic  plane  with  Bi  II  c  corresponds  to  an  n  plane  rotation  with  Bi  II  y  in  the 
internal  axis  systems  of  ions  in  the  4c  sites  of  forsteiite.  Since  die  observed  EPR  transition 
occurs  at  nearly  zero  field,  between  states  essemiaily  equivalent  to  I  Tx>and  I  Ty>.  no  EFR 
signal  is  observed.  On  the  other  hand,  if  the  crystal  is  tilted  such  that  Bi  incorporates  a  non¬ 
zero  z-compmient,  the  EPR  transition  is  no  longer  forbidden. 

For  chromium-doped  BMaG,  similar  arguments  to  those  presented  for  forslerite 
demcmstrate  that  the  chromium  Em  spectra  can  also  be  best  explained  aiMuming  an  S=1 
ion.  A  final  demonstration  of  the  soundness  of  this  identification  is  the  suitability  of  Eq. 
(2-1)  for  summarizing  the  EPR  spectral  results. 

We  employed  Eq.  (2-1)  in  evaluating  the  spin  Hamiltonian  parameters  by 
least-squares  fitting  the  observed  fields-for-resonance.  In  this  calculation  we  employed  a 
Levenberg-Maiquardt  ^  non-linear  fitting  routine,  together  with  an  eigenfleld  algorithm 
based  on  the  mediod  described  by  Belford  et  alP^.  For  both  crystal  systems,  best  values 
were  calculated  fw  D,  E  and  the  principal  values  of  g.  namely  gx,  gy.  gz.  with  the  principal 
axes  of  g  constrained  to  be  coincident  with  the  fine  structure  axes  {zjr,z}. 

In  the  case  forsteiite.  the  fitted  data  was  limited  to  fields-for-resonance  observed 
with  Bp  in  the  ac  and  be  planes,  where  all  ions  are  magnetically  equivalent  The  orienta- 
tirms  {xj'.z}  were  not  fitted  but  set  to  values  determined  by  symmetry  and  by  inspection 
of  the  data  in  Hgures  2.15  and  2.16.  The  direction  cosines  of  the  magnoic  axes  are  shown 
in  Table  2.6:  the  y  axis  is  constrained  to  c  and  z  is  constrained  to  precisely  bisect  the  a  and 
b.  as  illustrated  in  Hgure  2.18.  This  latter  constraint  is  justified  by  the  equivalence  of  reso¬ 
nant  field  data  obtained  with  Bp  in  the  ac  and  be  i^es  and  by  the  locaticm  of  the  extrema 
in  Figure  2.16.  Best  fit  spin  Hamiltonian  param^er  values  are  shown  in  Table  2.5  together 
^Snis>  ihe  root  mean  squared  deviation  between  the  observed  and  calculated  resonant 
field  values.  These  best  fit  parameter  valires  were  used  to  generate  the  solid  curves  in 
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BaiMgGeiO? 

Mg2Si04 

ftimsfO) 

8 

3 

D(GHz) 

114.2(0.4) 

€3.(1.) 

E(GHz) 

4.465(0.001) 

4.5885(0.0003) 

fti 

1.99(0.01) 

1.99(0.02) 

8y 

1.89(0.04) 

2.00(0.01) 

Ji _ 

2.003  (0.003) 

2.003  (0.001) 

TABLE  24.  Least-squares  best  fit  values  (standard  deviations  in  parentheses)  of  the  spin 

Hamiltonian  parameters  for  Cr^  in  BMaG  and  forsterite  single  crystals. 

Crystal 

Magnetic  axis 

Crystallographic  axis 

a 

b 

c 

BsQMgGe207 

X 

(+_+)0.707 

(++- )0.707 

0.000 

y 

(-m-)0348 

(++-)0348 

( J  f  )0.870 

z 

(+-^)0,615 

(-h-)0.615 

(+_k)0.492 

Mg2Si04 

X 

tO.707 

+0.707 

0.000 

y 

0.000 

0.000 

+1.000 

z 

+0.707 

+0.707 

0.000 

TABLE  24.  Directioa  cosines  of  the  accident  principal  axes  of  the  electron-Zeenoan  and 
nne-stnictuie  interactions  in  the  crystal  axis  systems  of  BMaG  and  forsteiite.  The  multiplicity 
of  signs  reflects  the  presence  of  four  crystallographically  equivalent  sites  in  BMaG  and  two 
pairs  of  inversion  related  sites  in  foisterite 
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Hgure  2.15  In  additioii.  these  parameter  values  were  used  to  fit  the  data  of  Figure  2.16. 
obtained  with  Ba  near  the  ab  plane,  by  parametric  vaiiation  of  the  tilt  angle  described 
above.  The  best  fit,  shown  as  the  solid  curve  in  Rgure  2. 16,  corresponds  to  atilt  angle  0.  lx, 
a  value  that  stands  in  good  agreement  with  our  a  priori  estimate. 

For  BMaG,  we  opted  to  fit  the  resonant  fidd  data  that  belongs  to  a  selected  one  of 
the  4e  sites.  Data  observed  with  Bo  rotation  in  the  ab,  ac,  and  a4b^  planes  was  At  In  the 
latter  iriane.  in  which  the  EFR  lines  show  a  partially  resdved  splitting  due  to  a  slight  mis¬ 
alignment  of  the  crystal  rotation  axis,  the  av«age  of  the  observed  pair  of  resonant  field 
values  was  used  in  the  At  Like  the  y  axis  in  forsterite,  the  x  axis  in  BMaG  is  assignable  as 
the  iKxinal  to  the  nurror  symmetry  plane.  The  orientation  the  in-plane  axes,  y  and  z,  was 
established  by  least-squares  adjustment  Best-At  spin  Hamiltonian  parameter  values  are 
shown  in  Table  2.5;  direction  cosines  of  {xjr,z}  in  the  crystallographic  axis  system  are 
shown  in  Table  2.6.  The  solid  lines  in  Figure  2.12  were  calculated  from  the  tabulated  pa¬ 
rameter  values.  The  relation  between  the  crystallographic  and  the  magnetic  axes  of  one  of 
the  crystallographically  equivalent  Cr  ^  ions  in  BMaG  is  illustrated  in  Figure  2.19;  all  four 
sites  are  shown  in  Hgure  2.20. 

Transition  intensities  were  calculated  for  both  BMaG  and  forsterite  based  on  the 
best  At  spin  Hamiltonian  parameter  values  and  were  found  to  be  consistent  with  the  exper- 
immital  observations.  In  particular,  calculations  for  forsterite  with  Bi  along  c  predia  an 
EPR  signal  intensity  that  varies  with  the  orientation  of  Bq  in  the  ab  plane  from  10*^  to  10-^ 
times  the  average  (and  essentially  constant)  value  found  for  Bi  along  either  a  or  b  as  shown 
in  Hgure  2.21.  A  marked  increase  in  intensity  is  also  found  if  Bi  is  tilted  away  from  c, 
consistent  with  our  ability  to  obtain  data  near,  but  not  in.  the  ab  i^ane. 

All  arguments  made  for  a  chromium  ion  of  triplet  spin  multiplicity  should 
hold  as  well  for  transitioiis  between  the  analogous  levels  of  a  5=2  Cr'^*  ion.  making  a  dis¬ 
tinction  based  on  the  limited  data  obtainaUe  somewhat  dif  Acult.  Nevertheless,  we  reject  the 
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FIG  2.19.  Ohenialton  of  the  magnetic  principai  axes  of  one  of  Che  ciyataliogiaphicaliy 
equivalent  Ci^  ions  in  BMaG.  lelative  to  die  crystallographic  axes. 


49 


51 


possibility  of  5=2  for  two  reasons.  First,  the  materials  studied  here  were  prepared  imder 
conditions  designed  to  favor  incocpocati<»  of  high  oxidatkm  states  c(  chromium  Second 
paramagnetic  itms  possess  orbitally  degenerate  ground  states  in  both  octahedral  and 
tetrahedral  fields  —  making  it  unlikely  that  signals  would  be  observable  at  room  tempera¬ 
ture. 

VI.  DISCUSSION 

The  EPR  q)ectra  of  chroiiiium-<k>ped  BMaG  and  fmsterite  single  crystals  demon¬ 
strate  the  inclusion  of  chromium  ions  at  the  4e  sites  of  BMaG  and  the  4c  sites  of  fmsterite. 
The  (mentation  dependence  of  the  EPR  res<xiant  fields  and  signal  intensities  reveals  the 
triple  spin  multiplicity  of  the  chromium  center  consistent  with  its  identification  as  Cr^. 
This  assignment  is  supported  by  our  ability  to  observe  the  spectra  at  room  tenqxrature. 

The  4e  posititm  in  BMaG  encompasses  both  Bi^'^  and  Ge^  sites.  Nevertheless,  it  is 
certain  that  the  Cr^  ion.  with  an  ionic  radius  of  0.S6  A,  would  be  incorporated  subsdtu- 
tionally  for  the  more  neatly  equivalent  tetiahedial  Gc!^  ion  (0.S3  A),  rather  than  the  much 
larger  B^***  ion  (1.S6  A).^  The  similarity,  di^ed  below,  between  the  Cr^  EFR  spectra  in 
BMaG  and  those  in  forsterite  suggests  a  corresponding  similarity  in  substitution  sites  in  the 
crystals.  We  therefore  conclude  that  the  Ci^  ion  substitutes  at  the  tetrahedral  Si^  site 
rather  than  the  (xtahedral  Mg^***  site  in  forsterite. 

Con^Muison  of  the  Hamiltonian  parameters  found  for  the  Cr^  ion  in  BMaG  and  in 
forsterite  reveals  a  number  of  similarities.  In  both  systems  the  value  of  D  is  rather  large 
(vide  infra),  oa  the  order  of  1  cm'^.  Moreovor.  the  value  of  E/D,  which  gauges  the  departure 
of  fine  structure  interaction  from  axial  synunetry.  is  very  small  in  bodi  systems:  0.04  in 
BMaG  and  0.07  in  forsterite.  The  principal  values  of  g  are  all  very  close  to  the  free  election 
g-value.  In  particular,  the  gz  values,  which  are  most  precisely  determined,  are  essentially 
the  equal  in  both  systems  to  the  free  electron  value. 


As  a  final  point  of  comporiscm.  it  is  interesting  to  consider  the  orientation  of  the 
major  axis  of  the  fine  structure  interaction,  z.  within  the  SiQ^^/GeO^^  tetrahedra.  In 
BMaG  and  in  fcusterite  the  axis  that  is  constrained  by  syrrunetry  to  lie  normal  to  the  mirror 
plane  is  one  of  the  minor  axes;  the  inajr»'  axis  must  therefore  lie  in  the  mirror  plane. 
Because  of  crystallographic  equivalences,  a  dilemma  exists  regarding  the  orientation  of  z 
within  the  Ge04'^  tetrahedra  of  BMaG  and  the  StQ4'^  tetrahedra  of  forsteiite.  For  one  as¬ 
signment  of  z  orientations,  however,  we  are  aUe  to  find  a  common  motif;  approximate 
alignment  of  z  along  the  bisector  of  the  two  equivalent  (mirror-symmetry  related)  Si/Ge-0 
bonds.  It  is  interesting  to  note,  that  a  disbxted  tetrahedron  C2v  symmetry  is  required  by 
symmetry  to  possess  the  cmiriguiation  of  magnetic  axes  implied  by  this  assignmenL  On  the 
other  hand,  the  presence  of  a  significantly  shortened  bond  within  the  tetrahedra  (see  Hgure 
2.9)  raises  the  possibility  that  Cr^  ions  centered  in  them  mi^  more  closely  reflect  an  ap¬ 
proximate  C3v  symmetry  in  their  prc^rties.  Imm  this  perspective,  the  major  axis  in 
forsterite  would  be  constrained  to  lie  close  to  a,  and  in  BMaG,  close  to  c.  Neither  of  these 
anticipated  alignments  is  borne  out  experimentally.  The  location  of  the  flne-stnictute  major 
axis  in  these  crystals  thus  gives  insight  into  the  dominant  components  of  the  crystal-field  at 
the  Cr^  occupied  tetrahedral  sites. 

In  view  of  the  close  similarity  between  BMaG  and  CMSO,  the  lack  ttf  detectable 
Cr^  EPR  signals  in  the  latter  is  puzzling.  We  believe  that  our  inability  to  detect  chromium 
EPR  absorptions  in  CMSO  is  pzecipitated  by  the  presence  of  a  2E  splitting  that  is  slightly 
larger  than  any  microwave  frequoicy  utilized  in  our  study.  The  large  slotting  would  make 
signal  detecticHi  impossible  in  all  but  a  potentially  very  narrow  range  of  B.  orientations. 
Studies  of  this  system  are  continuing. 

EPR  spectroscopy  tetrahedral  Ci^  in  organometallic  compounds  has  been  re¬ 
ported  previously.^^-^^^  The  fine  structure  interactions  found  in  these  systems  are  much 
smaller  than  in  BMaG  and  forsterite,  with  D  values  of  ~1  GHz.  Similar  results  have  also 
been  found  for  other  3d2  ions,  including  as  Ti2+ ,34-37  v3+ ,38-42  pe4+^43.44  and 
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^54-,43.45.46  in  tetrahedral  sites  within  a  number  of  single  crystal  hosts.  This  disparity  in 
D-values  is  presumably  related  to  the  relatively  large  distortions  of  the  Ci04^  tetiahedra  in 
BMaG  and  forsterite.  Yen  and  co-workers^  employed  their  analysis  of  the  optical  spectrum 
of  Cr^  in  forsterite  to  estimate  D  and  E  values  of  approximately  23  and  4  GHz  respec¬ 
tively.  This  estimate  of  D,  although  several  times  smaller  than  the  value  observed  experi¬ 
mentally.  is  of  an  agreeable  order  of  magnitude,  and  is  decidedly  larger  than  observed  in 
previously  studied  3d2  systems.  The  estimated  E  value  oonesponds  extremely  well  with  the 
experimental  result 

A  preliminary  version  of  the  results  given  here  was  ^nesented  in  at  the  1991  OSA 
conference  on  solid  state  lasers.^  At  that  time.  Baryshevsld  etal.^^  repotted  D  and  E  val¬ 
ues.  together  with  an  isotropic  g-value.  for  a  Cr^  center  in  fotstoite.  These  values  were  in 
good  agreement  with  those  reported  by  us.  Concurrently.  Yen  and  co-workers^^  presented 
EPR  data  from  a  number  of  different  centers  ia  forsterite  aiKl  suggested  assignments  involv¬ 
ing  Cr^  in  the  Ml  and  M2  octahedral  sites  or  Cr^'*’  in  either  the  octahedral  or  tetrahedral 
sites  They  concluded  that  none  of  the  signals  that  they  characterized  could  be  assigned  as 
the  NIR  laser  active  site.^  More  lecendy,  the  Yen  groupie  has  also  reported  the  observa- 
titm  of  spectra  identical  to  those  obtained  by  both  Baryshevski  and  us.  A  broad  con¬ 
sensus  for  the  inesence  d*  tetiahedrally  coordinate,  5=1.  Ci^  ions  in  forsterite  has  thus 
emerged.  The  results  and  analysis  presented  here  re|Hesent  the  first  detailed  account  the 
observations  and  the  reasoning  upon  whidi  this  consensus  is  founded.^ 

Althou^  EPR  results  alone  cannot  establish  the  connection  between  the  {absence  of 
Cr^  ions  and  the  NIR  laser  center  in  chromium-doped  forsterite,  several  studies  have  been 
conducted  that  make  this  connection  clear.  Baryshevski  et  al.  denx»strated  that  transient 
changes  in  the  intensity  of  the  Cr^  EPR  signal  could  be  induced  by  optical  excitation  at 
spectral  regions  corresponding  to  absorption  bands  of  the  lasing  center.^i  Concurrendy. 
Yen  and  co-workers^^  used  FLN  (fluorescence  line  narrowing)  techniques  to  resolve  a  60 
GHz  zero  field  splitting  within  the  electronic  ground  state.  An  elaboration  these  experi- 
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ments  later  provided  compelliag  evidence  for  the  equivalence  of  the  Ci^  EPR  center  and 
the  NIR  laser  center.  In  FLN-assisted  <^cal  Zeeman  experiments.  Rose  et  al.^^  found  a 
striking  correspondence  between  Be-dependence  oi  the  ground  stale  splittings  observed  ex¬ 
perimentally  and  those  predicted  based  on  the  Em  parameters  ttpontd  heie.^"^  These  ex¬ 
periments  also  show  that  D  is  positive.  Comi^ementary  studies,  yielding  similar  results 
have  also  been  reported  by  Yen  et  al. 
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fi^rjxsn 

Optksl  Zeman  eq;erimect3  were  perConaad  ca 
CribzEtedtewith  the  majoetk  &£^  applied  ftlonf  the 
ciystallotrephicaandcazics.  The  stroog  afreemsot 
betwoea  th^  optical  rescUs  and  prevkxu  EPR  stu¬ 
dies  fto’bcth  alig^ecti  establiibes  the  identity  of  the 
Rear  infrared  rmiaioa  center  as  tetrahedral  Cr^'*'. 

Sffire  ths  fim  pq>3rt  [IJ  of  the  NIR  (near  ioLxced)  la¬ 
ter  ectioa  in  Cr-d(^>ed  fomerke  (Mg2Si04X  oonsi^- 
cble  efiort  has  bera  made  toward  the  deteomcatioa 
of  the  natnre  of  the  lasing  center.  lahMyltwassag- 
gested  th&t  the  active  center  is  Or^'*’ ,  sobidtEtting  for 
at  the  oaahedial  lattice  sites  (1].  Sobeequeot 
to  the  rfalgadon  that  the  NfRemissioo  could  be  stin- 
ukted  via  encitatioa  at  1064  lua  [23]  an  alternative  as- 
ggnment  vras  proposed:  by  analogy  to  the  tetza-oso 
C^-*-  ceoler  responsible  fricpaiaihicsbaoqptioa  fat  Cr 
eclivated  NdiYAG  [4],  the  lasing  center  in  forsteiite 
V72S  assigMd  to  Cf*'*'  located  at  the  tetrahedral  sili¬ 
cate  sites  [23]- 

The  presence  of  a  tetrahedral  Cr*'*'  center  in 
Crdorsterite  was  confirmed  1^  EPR  (dectron  para- 
magnetis  reamance)  q>ectro80opy  [5,6].  SpedfioUy, 
Singel  and  oo-woitos  identified  the  spectrum  of  a 
ground  state  triplet  spin  spedes  acoonunodated  at  the 
ctystallographk:  4c  site  which  exhOnted  an  intensity 
tltat  varied  directly  with  the  Cr  content  of  the  crystal 
[S].  While  both  the  octahedral  Mg^'*’ and  tetrahedral 
SH'*'  centers  lie  at  4c  sites  in  forsterite,  the  shnilarity 
of  the  forsterite  ^vectra  to  those  of  Cr-doped  BMAG 
(Ba2MgGc207),  which  unambiguously  derive  from 

OC.i  PtriSA^a^CSsa  AlitfmctJ SatU'SMd Uosrs,  VaLJS 

IMjyd  L  Citsst  end  A£^mi  A.  Fi*i9  (sAa.) 

Oiyif2Off:ieKdZaoLaty^Asu0ioa 


sa^stltnTifioal  incoeporation  CH'*' at  the  tetrahe¬ 
dral  Oe  sites  [5],  argues  that  the  relevant  forsterite 
cotter  is  tetrahedral  Anatysisofthefriatetiteqteo 
trusi  in  tenns  of  the  OQirveatiooal  tz^tlet  qdn  Hamil- 
toniaa  yielded  parameter  values  of  D  63.  ±  LOHz, 
E ->  4  J88S  ±  00009  GHz.  g,  -  199  ±  0(0.  g,  -  2i)0 
a:  OlOI  end  g*  ■■  2jOQ9  ±  OOOQ,  with  the  a;  y  and  z 
princ^ial  axn  respectivety  oriented  akmg  the  a  ±  b,  c, 
and  m  a-b  axes  fto  the  two  aett  of  magnetkalty  non- 
equivalent  centers  [7].  A  ooncmacent  EPR  st^  by 
Batyshevsfei  et  al  [6],  yielded  very  lintllar  parameter 
titlnes. 

While  EPR  studies  have  confirmed  the  presence  of 
tetrahedral  Cr^'*’  in  frasieriie,  the  connection  be¬ 
tween  this  paramagnetic  center  and  the  NIR  later 
center' remains  to  be  firmly  estabiidred.  IWoinifial 
steps  have  been  made  toward  readiint  this  goal  Hat, 
Baiytfaevaki  et  bL  [6],  showed  that  optkal  esDdtatiaa  at 
wsvdengths  oocretponding  to  the  ibnepfioo  maxiisa 
of  the  ladag  center  hrlbcitedtecanaesattansientper- 
mrbatkM  of  the  intensity  of  the  Or*'*'  EPR  signal 
Second,  Yen  and  co-woc'cen  [8]  enqiloyed  FLN 
(fiooresoenoe  line  narrowing)  methods  to  resolve  a  2 
cm~i  ^)Ut!ing  in  the  NIR  emisrion  of  CtJomerite. 
"fhii  splitting  accurately  reflects  the  resolvable  ground 
state  ssblevd  structnre  expected  in  zero  external 
magnetic  field  for  the  triplet  tpedes  characterized  by 
EPR  (with  D±E  «  2  cm-l).  The  zero-field  FLN 
q>ectra  are  of  limited  value,  however,  for  oorrsladng 
the  EPR  and  opikal  centetc  the  ground  state  sublevel 
structure  is  only  partially  characterized,  and  the  otien- 
cation  of  the  fi^structure  axes  is  utterly  undeter¬ 
mined  by  these  experiments. 

We  have  therefore  extended  the  FLN  messuie- 
ments  by  examining  the  dependence  of  the  ground 
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state  sublevel  splittings  on  both  the  magnitude  and  di¬ 
rection  of  an  applied  magnetic  field.  These  Zeeman 
experiments  dmonsttate  that  the  gronnd  state  of  the 
optical  center  shares  all  of  the  defining  properties— 
the  fine-structure  tensor  principal  values  a^  princi¬ 
pal  axis  orienutions— of  the  center  charaaet^ed  by 
EPR,  and  thus  provide  compelling  evidence  for  the 
oonunon  identiQr  of  the  two  centers.  Daring  the 
course  of  our  measorenents  we  became  aware  of  simi¬ 
lar  Zeeman  studies  being  conducted  by  others,  in 
vriiicfa  the  external  field  was  aligned  along  the  b  ays- 
fiingraphie  axIs  [9,10].  We  report  results  obtained 
with  the  field  alo^  the  a  and  c  axes. 


dted  tr^et  spin  suie,  ^A.  The  exdtttkm  wave¬ 
lengths,  10891  A,  10913  A  and  109Z7.5  A,  yielded  the 
maximum  zero-field  fluorescence  at  10930  A.  iHiich 
corresponds  to  the  energy  gap  between  the  lowest  sub¬ 
level  the  excited  [12]  and  the  nearfy  d^ener- 
ate  upper  two  sublevels  of  the  ^A*  ground  state  man- 
if<dd(13].  The  fluorescence  was  focussed  into  a  3/4 
meter  monochromator  and  deteaed  with  a  photo¬ 
multiplier  tube  and  photon  counting  qdtem.  Inocder 
to  suppress  the  laser  scatter  when  pungibig  into  the 
lowest  lying  excited  stale  10927.3  A,  the  laser  beam 
wasdeflededbyan  AO  modulator  whidi  provided  10 

iisecdeiay.  Spectra  were  recorded  for  magnetic  field 
strengths  raagmg  firom  0  to  3  Ibda. 


The  Crtfotsterite  crystal,  obtained  firom  Allied-Signal 
Corp.,  was  idaoed  inside  a  Uquid  helinm  cryostat  fitted 
with  a  superconducting  6  Ustla  Ugh  homogenetty 
aiirf  inf  mt » —  2Kfor 

theeqteriments.  Asdiq)UyedinRg.l,tlieayslalwas 
oriftntfl**  ogteif  fimi  i— apfttoffaed 

vertically  akmg  the  crystal  b  axis  (Pbiun  ctys^  9stem 
[11]).  The  fluorescence  was  detected  normal  to  the 
pomp  direction  and  parallel  to  the  magnetic  field.  Ro- 
tatioo  of  the  crystal  about  the  b  axis  allowed  the  mag¬ 
netic  field  to  be  oriented  along  the  crystal  e  asis  (]Lt„ 
the  y  principal  axis  of  the  zero4wld  flitting  tensor 
[3])or  along  the  gystalaaxis.  Inbothsettingii,allopn- 
tecs  at  the  4c  sites  are  magnetically  equivalent 
Opcaal  exdtatkm  of  the  fotsterite  crystal  was 
achieved  with  an  argooHOo  pumped  Tls^rphire  laser 
(SO  - 100  mW,  ill  -  4)2cm~l  bandwidth)  tuned  into  the 
three  distina  energy  sublevels  of  the  lowest  lying  ex- 


Hgure  1.  Orientation  of  the  Cnforstetite  aystU  and 
the  optical  and  magnetic  fields  for  the  Zeeman  experi¬ 
ments.  B I  c  is  illustrated. 


ResnltsandrXa-nMinH 

ExernplaqrFLNqiectta,  obtaUedfidlowmgeacitathm 
into  the  iqipersnblevel  of  the  lowMteadied  spin  trip- 
let,  with  the  field  aligned  along  the  crystallognqihic 
axisarediqd^edinFigZ  In  the  presence  of  htboniO' 
geneons  broadening,  the  narrow  band  laser  excites 
Cx**  ions  from  each  of  the  thernalfy  populated 
ground  state  sublevels  to  a  selected  one  of  die  well 
separited  sublevels  of  the  excited  state,  as  Unstiated 
in  Fig.  3.  InasmncaiM  the  resonant  earatatkm  selects 
distinct  Ct*'*'  sites,  three  excited  state  populadoasare 
generated.  These  excited  state  populations  nndei|o 
taidd  internal  conversion  to  the  lov^  suUeved  of  the 
exdted  state  and  then  emit  to  the  three  ground  state 
siildevels.  In  principal,  nine  distinaFLN  lines  could 
be  detected.  However,  we  Qfpical^  observe  ool^  two  to 
five  lines,  since  1)  the  sublevels  gUtthigs  are  not  re- 
solvaUe  at  certain  field  values,  2)  certain  lines  are  ex- 
pected  to  be  of  negUgUe  intentity  and  3)  three  of  the 
lines,  those  that  involve  exdtatioo  from  and  etninirm 
to  theimnegroond  state  sublevel  are  nffirmiritycom- 
ddent  at  all  field  values.  Thislattersetoflinesiseasi- 
ly  identified  in  the  FLN  qiectra  because  it  maintains  a 
constant  oCEret  from  the  laser  wavelength,  indqien- 
dent  of  the  magnetic  field  strength;  this  qiectral  fea¬ 
ture  is  highlighted  by  the  dotted  line  in  Rg  Z  The 
identification  of  this  feature  greatfy  facilitates  the  as¬ 
signment  of  the  other  lines  appearing  in  the  FLN 
spectra.  From  the  observed  sepamtion  of  the  lines  in 
the  qmetra,  one  can  obtain  the  energy  differences  be¬ 
tween  the  gronnd  state  sublevels  and  calculate  their 
energies  relative  to  a  constant  center-U-graviqr  at 
zeroenergy.  In  Fig.  4,  these  experimental  energy  val¬ 
ues  derived  from  the  FLN  data  are  plotted  as  a  func¬ 
tion  of  the  external  magnetic  field  (applied  along  the  a 
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and  c  axes)  and  oompued  to  the  theoretkil  behavior 
predicted  from  the  spin  Hamiltonian  paiameten,  tab¬ 
ulated  above,  for  the  center  chaiacterized  by  BPR. 
Note  that  while  a  dear  distinction  in  behavior  exists 
for  the  magnetic  field  oriented  along  a  ore,  the  agree¬ 


ment  between  the  FLN  and  BPR  dam  is  *»"**«*«»*  for 
both  orientations.  These  resoltt  provide  enmprfiiitj 
evidence  that  the  EPR  and  optiod  center  have  the 
sameidentiQr.  thereby  identifying  tetiahedtalCi^'*' as 
the  source  of  the  NIR  emission  in  Cnfoisterite. 


Figure  2.  FLN  spectra  reoofried  at  the  indicated  mag-  Figures.  lHustiation  of  nine  posriNft  flnorereeaee 

netiefidd  strengths  On  Ihsla)  applied  along  the  ccys-  tiansiiioos  in  an  inhomogeneo^  broadened  Qr^'*' 

tallngrtphteexatfe.  ThaUservw^engthwxlOgOl  A.  OpSOO. 


Fignre'4.  Comparison  of  energies  derived  firom  FLN  q)ectxaO)oints  with  enorbars)  to  those  predicted  by  EPR  (solid 
curves).  At  intensities  where  the  energy  levels  were  unresolved,  a  single  point  is  drawn. 
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Abetract 

Optical  Zeeman  spectra  of  the  near  IR  luminesoent  center  in  Crforstente  were  obtained  with 
an  exienial  magnetic  field  applied  along  the  crystallographic  a  and  c  axes.  The  field- 
dependent  stddevel  splittings  of  the  triplet  spin  ground  state  were  resolved  via  FLN 
(fluorescenoe  line  narrowing)  techniques.  The  excelleat  correspondence  between  the 
observed  spbttings  and  those  cakulated  for  die  tetrahedral  Cr^  center,  previously  idaaified 
and  characterized  in  fotsterite  by  EPR  (electron  paramagnetic  resonance),  nrmly  establishes 
the  identity  of  the  near  IR  center  as  tetrahedral  A  simple  model  fot'  the  FLN 
excitatkn/emissioo  cyde,  induding  the  influence  ctf  the  external  field  on  the  optical  line 
positions  and  intensities,  is  described. 


Introductkm 


Over  the  past  decade,  ooosidenble  effort  has  been  devoted  to  the  ri^nfigri/atinn  of 
matehals  potentially  useful  as  active  media  in  broadly  tunable  solid-stale  lasers.  In  particular, 
the  recent  discovery  of  near  IR  (infrared)  las»  action,  spanning  the  1.17  -  137  pm  range,  in 
Cr-doped  fonterite^'^  prompted  a  series  of  investigations  ammd  at  elucidatiag  the  exact  nature 
of  the  lasing  center.  Origiiially  the  active  center  was  suggested  to  be  Cr^  substituting  for 
at  octahedral  lattioe  sites^.  Following  die  discovery  that  the  near  IR  emissioo  could  be 
stimulated  by  excitation  at  1.064  an  altonahve  assignment  was  proposed;  by  analogy  to 
the  tetra-oxo  Cr^  crater  responsible  for  parasitic  abscvpikm  in  chromium  activated  Nd:  YAG,'* 
die  lasing  center  in  forsterite  was  assigned  to  Cf^  lodged  at  traahedral  sites.^*^ 

Polarized  optical  absorption  spectra  of  Cr-doped  forstoite  were  subsequrady  rationalized  in 
terms  of  the  energy  level  diagram  for  tetrahedral  shown  in  Hg.  4.1.^*^ 

Conclusive  evidence  for  the  presence  of  tetrahedral  Cr^  centers  in  Cr-doped  forsterite 
was  obtained  by  EPR  (electron  paramagnetic  resrmanoe)  spectroscopy.'^*^^  The  room  tempem- 
ture  Cr^iforsteiite  EPR  spectrum  is  amenaUe  to  analysis  in  terms  of  the  conventional  triplet 
spin  Hamiltonian  with  parameter  values  of  D  =  63.  GHz,  E  =  4.S88S  GHz,  gx  =  1-99, 
gy  =  2.00,  and  gz  =  2.003,  and  with  the  z,  y,  and  z  principal  axes  oriented  respectively 
along  the  a±b,  c,  and  £n>b  crystallogiaphic  axes  for  the  two  sets  of  magnetically  inequivalent 
centers.^ 

AldKxigh  critical  for  the  identificaiion  and  characterization  of  the  tetrahedral  Cr^ 
centers  in  forsterite.  the  EPR  studies  do  not  estaUish  any  oondation  between  the  tetrahedral 
Cr^  km  and  the  near  IR  lasing  center.  A  ptiimuy  medKxl  for  iaeaKiidiiiig  diis  oondation  is 
provided  by  optical-Zeeman  spectroscopy,  in  which  the  energy  separation  between  the  sub- 
levds  of  the  ^A2  ground  state  of  the  Cr^  centers,  illustrated  in  Hg.  4.2.  are  measured  via 
fluorescence  emission.  The  behavicz  of  the  optically  measured  Zeeman  splittings,  with  respect 
to  the  fleld  strength  and  direction,  can  be  directly  compared  with  calculations  based  on  the 
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Free  ion  T<j  C2v 


Figure  4.1.  Typical  energy  level  scheme  of  a  ion  in  a  tetrahedral 
ligand  field.  Distortion  of  the  coordinate  sphere  results  in  a 
reduction  of  symmetry  form  Td  to  C2v 
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Figure  4J2.  Detailed  enetgy  level  diagram  of  the  ground  and  first  excited  states  for  a 
d^  ion  in  a  distoited  tetrahedral  ligand  field,  as  illustrated  in  Fig.  4.1.  The  initially 
degenerate  spin  sublevels  of  3A2  and  ^Ai[^T2]  ate  split  by  spin  orbit  coupling  (SCXT). 
Also  depicted  is  the  typical  behavior  for  the  spin  sublevels  in  the  presence  of  an 
external  magnetic  field  applied  along  the  y  principal  axis  of  the  fine-structure  tensor. 
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spin  Humhonian  panmeteis  detenmoed  by  EFR.  In  order  to  resolve  the  Tnwnnn  spiiitings  in 
die  opcicid  specua.  it  is  necessary  to  employ  a  narrow  band  exdtatkm  source  to  induce  FLN 
(fluorescence  line  narrowing)  of  the  emisaon  lines. 

Yen  and  oowotkeis  first  demuustiated  the  possibility  of  FLN  in  tihe  foisletite 
system;^^  they  resolved  a  2cm'^  fitting  in  the  near  IR  emission  of  Crfoisterite  in  zero  mag¬ 
netic  field.  The  Yen  group  later  rqxxted  FLN  assisted  optkal-ZBeman  spectra  obtained  with 
the  magnetic  field  aligned  along  one  selected  orkntatioo  (the  b  crystallogiaphic  ans).^^^^ 
Concurremly.  we  reported  a  prehminaiy  account  of  a  Zeeman-FLN  spectroscopic  investiga- 
doo  in  which  the  field  was  aligned  along  the  a  and  c  crystaUogmphic  axes  reveahag  the 
anisotrapicbdiaviorof  the  system  and  unequivocally  proving  Cr^  to  be  the  lasing  center, 
Here,  we  etaboiate  further  on  those  resute  and  discuss  bodi  the  exdtation/emission  cyde  in¬ 
volved  in  the  observed  Zeeman-FLN  spectn  and  the  factors  influencing  the  line  intensities. 


The  Crforsterile  crystal,  obtained  from  Albed-Signal  Cotp..  was  placed  inside  a  liquid 
helittm  cryosttt  fitted  with  a  super  canducting  6  Tesla  high  homogeneity  magnet  and  maia- 
tainedatatanpeiatnreof~2Kforthe«q)eriinents.  As  displayed  in  Hg  43.  the  crystal  was 
oriented  sudi  that  the  optical  esdutioo  was  polarized  verdcaDy  dong  the  crystal  b  axis  (Fbnm 
crystal  system^^).  The  fluoresoeace  was  delected  normal  to  the  pump  dhecdon  and  paraOd  to 
the  magnetic  field.  Rotation  of  the  ctysaddroot^b  axis  allowed  for  oiieniadon  of  the  mag¬ 
netic  field  Belong  either  the  crystal  c  axis  (i.e..  the  y  princ^  axis  of  the  zero-field  splitting 
tensor'^  or  the  crystal  a  axis.  At  both  all  centers  at  the  4c  sites  are  magnetically 

eqiuvaleat 

In  order  to  obtain  fluoresoenoe  line-narrowed  spectra,  optical  exdtadon  of  the 
forsterite  crystal  was  addeved  with  an  argon-ion  pumped  Tisapphire-lasa  (50-100  mW. 
0.01-0.02  cm~^  bandwiddi)  tuned  into  the  three  disdna  spin  suUevete  (T^',  Ty'.  Tzl  of  the 
lowest  dectronic  exdted  stare,  ^Ai(^2l-  Exdtadon  at  wavdengdis  10691  A,  10913  A  and 
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Figure  43.  Orientation  of  the  Crforsterite  crystal  and  the  optical  and 
magnetic  fields  fcH-  the  Zeeman  experiments. 


109Z7.S  A,  were  Doled  to  maaamirB  die  zero-fiekl  fluoreeceaoe  at  10930  A,  the  wavdeogdi 
ooncepoodiiig  to  die  energy  gq>  between  the  lowe8ts8blevel.Tz'.  of  the  excited  3Ai[^2] 
the  neaity  degnwrate  upper  two  sublevels.  Tx  and  Ty.  of  the  3A2  ground  sttte.^  Broad  bond 
spectra  were  obtained  via  exdtttioa  with  5145  A  argcxMon  li^  and  with  7422  A  light  derived 
from  the  Ti:sapphirelaaec.  The  fluoreeoence  was  focused  into  a  3^  meter  monoduoinaior  and 
dreecied  withaphotiaaiiiltqiliBrtubeand  photon  oonating  syaieta  Suppressioo  of  scattered 
laser  light  deiectioo  was  accomplished  by  geneming  10  psec  pnlses  from  the  cw  exotalian 
beam  with  an  AO  mndnlatnr  and  luesauring  die  flnorescence  signal  after  a  1  psec  delay  fol¬ 
lowing  eadi  poles.  Spectra  were  recorded  for  magnetic  field  strengdis  ranging  from  0  to  5  T. 


Line  Nar  rowing  Effects  In  the  Cr**  Fluoreecence 

A  conqnrison  of  the  flttoiesoenoe  qieciia  obtained  in  zero  external  magnetic  field  widi 
excitation  at  5145. 7422,  and  10891  A  is  shown  in  Hg.  4.4.  Excitatron  at  5145  A  (Hg  44. 
upper  panel)  tesute  priinaiily  in  a  broad  onission  spectrum  peaked  at  ~6?00  A,  diaiacterisdc 
of  Ci^  in  octahedral  cootdiiMtiarL^i'^  The  origin*^  die  near  IR  emission,  attribured  to  Cr^, 
^jpears  faintly  at  10930  A.  This  latter  featiue.  with  its  accompanying  phonon  sidebond.  be¬ 
comes  much  atronger  idalive  to  the  Cr^  onission  when  the  exatadoo  is  tuned  to  7422  A 
(Hg.  44,  middle  parrel),  corresponding  to  absorption  from  the  ground  dectronic  stale,  3A2.  to 
a  stale  derived  from  die  ^imuhiplet  of  the  tembedial  Cr^  chromophore.^  No  evidence  of 
FLN  is  observed  upon  narrow  band  excitation  at  either  5145  or  7422  A;  die  fluorescence 
linewiddi  at  10990  A.  ~10  A,  is  very  siinilar  to  did  observed  in  the  low  tenqxntnre  absorplioo 
spectra.1^  which  exhibit  three  distinct  lines  at  10891. 10913  and  10927  A  assigned  to  transi¬ 
tions  between  die  ^A2  ground  state  and  the  lescdvable  spin-triplet  sublevels  of  tire  lowest 
electronic  state  ^Ai[^2]-  The  absence  of  tiiree  corresponding  lines  in  the  fluorescence 
spectra,  that  is,  tire  presence  emission  only  at  10930  A.  suggests  thru  die  himinesoenoe 
occurs  predominantly  from  a  single  ^Ai[^2l  spin  sublevd. 
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Figure  4.4.  Comparison  of  fluorescence  obtained  form  a  CnForsteiite 
crystal  at  2  K,  using  an  argon  ion  laser  (upper  trace)  and  Ti:sapphire 
laser  (lower  two  traces).  The  middle  trace  incudes  a  higher  restdution 
scan  of  die  Cf**  migin  emisskm  line  which  does  not  exhibit  fluo¬ 
rescence  line  narrowing. 
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Substantial  hne^tanowing  is  evident  in  the  fluofesoenoe  spectrum  obtained  with  the 
exdtatiao  at  10961  A  (^A2-»Ty'  ^Ai[^2]))>  iUustmed  in  die  bottaai  panel  of  Bg.  4.4. 
The  q)ectiuin  exhibits  a  pair  d*  donanant  lines  at  10927.5  and  10930  A  with  linewidths  of 
~0.6  A.  The  2.5  A  separation  of  the  lines  is  consistent  with  obaervatians  of  Yea  and  ooworit* 
ers.^^  Similar  spectra  are  observed  following  excitation  (at  10913  and  10927.5  A)  into  the 
other  two  spiiMripiet  sublevels,  Tx'  and  Tz'.  of  the  ^Ai^2]  XXb.  These  results  indicate  that 
internal  conversion  within  the  ^Ai[^2l  occurs  on  a  tiine  scale  much  shorter  than  the 
fluorescence  hfetiine,  so  diat  die  emisaioo  derives  from  die  lowest  spin  sidtlevel.  Tz'-  It  is 
interesting  to  note  tnat  this  observatioo.  in  conjunction  with  the  measnements  reported  by 
Baryshevsld  et  aL^,  suggests  that  the  spin-lattioe  relaxation  in  the  lowest  excited  triplet  state 
(3AipT2l)  tnust  be  at  least  three  ordos  of  magnitude  more  rapid  than  in  the  ground  triplet 
state  (3A2). 

This  view  of  the  FLN  exdtation/emission  cycle  is  reinforced  by  the  presence  of  a 
weak  feature  at  10907  A  in  the  fluorescaice  spectra  obtained  with  excitation  at  10691  A 
(Bg.  4.4,  bottom  panel).  As  a  result  of  inhonK^eneous  broadening,  the  absorption  lines  from 
the  ground  state  to  each  of  the  diree  spin  subievdls(tf3Ai[3T2]  partially  ovedq>.  Exdlatioo  at 
10691  A  thus  not  only  predomiiiandy  pumps  the  upper  sublevd,  Ty',  but  also  pumps,  to  a 
limited  extent,  the  high  etvrgy  wing  of  the  middle  sublevel,  Tx'  (n^ligiUe  pumping  is  ex¬ 
pected  for  the  high  energy  wing  the  lower  sublevel,  Tz'.  which  is  far  off  resonance).  In 
defect,  two  distinct  types  of  Cr^  sites,  line-center  and  wing,  are  excited.  Upon  intenal  conver¬ 
sion  to  the  lowest  excited  sublevel.  Tz'.  the  Stokes  shift  experienced  by  the  wing  sites  dif¬ 
fers  from  that  experieooed  by  the  line-center  sites  by  an  amount  equivalent  to  the  energy 
diffnence  between  die  two  excited  spin  sublevels  Ty'  and  Tx'  Thus,  the  wing  site  emission  is 
blue-shifted  from  line-center  emission  by  the  energy  difTetence  between  the  upper  and  middle 
excited  spin  sublevels.  The  energy  difference  betwera  the  fluorescence  feature  at  10907  A  and 
those  at  10929  A,  is  equal  to  the  energy  difference  of  the  absorption  lines  (and  hmce  the  two 
excited  spin  suUevels)  that  occur  at  10691  and  10913  A.  The  intopretation  of  the  fluoies- 
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ceooe  is  dnis  unambiguous:  the  observed  emissioa  derives  only  from  the  lowest  excited  state. 
Tz'  ^Ai[^2]  In  diis  r^aid.  it  is  interesting  to  note  that  Yen  and  oowariters^^'^^  opted  to  ex¬ 
amine  resonant  FLN  effects.  This  method  leads  to  either  very  weak  spectral  imensities.  when 
relaxation  depopulated  sublevels  are  monitoied,  or  is  complicaied  by  scatter  from  the  pun^> 
beam,  when  the  wnitting  sublevel  is  monitored. 

7reman  Spectroscopy 

The  splitting  observed  between  the  dominant  peaks  in  the  lower  spectrum  of  Hg.  4.4 
is  oonsistent  with  the  aaMgyiment  of  the  emitting  cemer  as  temhedral  Cr^;  on  the  basis  of 
EFR  measurements  for  the  ground  stale  erf  tetrahedral  Cf^  in  foisterite.  die  zero-field 
splitting  is  expected  to  be  ~2  cm'^  as  illustrated  in  Fig.  4.2.'^  In  order  to  prove  diis  assign¬ 
ment,  this  oorrespondence  must  extend  to  all  of  die  characteristic  properties  established  by 
EPR.  namely  the  two  indqxndent  principal  values  of  the  fme-stnicmre  interaction  tensor  and 
the  orientadon  of  its  principal  axes. 

Exemplaiy  optical  Zeeooan  spectra,  with  resedution  mhanoed  by  FLN,  are  shown  in 
Hg.  4.5.  Spectra  obtained  following  excitation  into  the  Ty'  spin  sublevel  of  die  ^Ai[^2l 
cited  stale  (10891  A),  with  the  fleld  aligned  along  the  oystallographic  a  and  c,  axes  are 
displayed  in  Fig.  4.5a  and  4.5b,  respectively.  For  both  field  alignments,  all  four 
crystallogiaphically  equivaleat  Cf^  ions  observed  by  EFR  are  magnetically  equivalent  as 
welL^  The  c  axis  oorrespoixls  to  a  minor  principal  axis  (y)  of  the  zero-field  qilitting  tensor, 

while  the  a  axis  is  not  a  magnetic  principal  axis.'^3 

Determinadon  of  the  ground  state  sublevd  structure  would  be  trivial,  if  three 
fluoiescence  lines,  each  ootresponding  to  the  emissioD  terminating  at  one  the  suUevds, 
were  observed  in  die  spectra.  In  the  ptesrace  of  inhomogeneous  brnadening,  however,  the 
narrow  band  laser  excites  Cf^  ions  from  each  of  the  themudly  populated  ground  state 
sublevels  to  one  of  the  exdted  state  sublevels,  Inasmuch  as  the  resonant  excitation  sdecis 
distinct  Cr^  sites,  three  excited  state  populadons  are  generated.  These  populatioos  undergo 
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Figure  4^.  FLN  spectra  recorded  at  the  indicated  magnetic  field  strengths  (in  Tesla) 
applied  along  the  crystallogta^c  a  and  c  axes.  The  laser  wavelength  was  10891  A. 
The  data  for  the  a-axis  was  taken  with  lower  resoluhon  (03  A  steps)  than  the  c-axis 
data  (0.2  A  steps)  and  thus  does  not  appear  as  smooth. 
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rapid  intenuil  convo^on  to  the  lowest  spin  suUevel  of  the  excited  state.  Tz',  and  thea  emit  to 
all  three  ground  state  spin  sublevels  As  illustrated  in  Fig.  4.6,  this  scheme  leads  to  a  total  of 
nine  possible  lines;  the  positions  of  these  lines  may  be  expressed  as; 

-V,)  (4-1) 

in  which  Vp  refers  to  the  pump  laser  frequency,  is  the  emission  offset  resulting  from  inter¬ 
nal  conversion,  and  the  subscripts  /  and /designate  the  initial  and  final  spin  sublevels  in  the 
^A2  ground  electronic  state  involved  in  the  FLN  cycle.  In  our  experiments,  Vp  was  held  con¬ 
stant  for  all  values  of  the  magnetic  field  We  assume  in  addition,  that  is  effectively 
independent  the  field  strength.  Aocordingiy,  the  field  dependence  of  the  line 
positions  is  exclusivdy  described  by  the  parenthetical  term  in  Eq.  4-1,  arxl  thus  directly 
reveals  the  field  dependence  of  the  ground  state  spin  sublevel  splittings.  Assignment  of  the 
emission  lines  to  specific  initial  and  final  states  is  facilitated  by  the  existence  of  three  lines  for 
whidi  (=/  These  lines  are  necessarily  coincident  and  maintain  a  constant  position  in  the 
spectrum  at  all  field  values;  this  easily  identified  spectral  feature  is  highlighted  by  the  dashed 
line  in  Fig.  4.5. 

The  coincidence  cf  the  three  lines  reduce  the  maximum  number  of  distinct  FLN  lines 
from  nine  to  seven.  Because  the  limits  in  spectral  rescriution  and  the  weakness  of  certain 
transitions  (discussed  further  in  the  following  section)  fewer  lines  were  tyjncally  observed  in 
the  spectra.  Des|Hte  the  missing  spectral  features,  a  sufficient  number  of  lines  were  present  to 
permit  the  characterization  of  the  field  dependence  of  the  sublevel  splittings,  and  to  d^ermine 
their  energies  rdative  to  a  constant  centn-of-giavity  at  zero  energy.  In  Fig.  4.7,  the  values  de¬ 
rived  frcnn  die  FLN  spectra  are  plotted  as  ^  iuncticm  the  external  magnetic  field  (api^ed 
along  the  a  and  c  axes)  and  compared  with  sublevel  energies  determined  by  diagcnalizalioa  of 
the  tri{4^  spin  Hamiltonian  with  the  parameter  values  determined  by  EFR.^^^  Note  that  while 
a  clear  distinction  in  behavior  exists  for  the  magn^  field  oriented  along  a  or  c,  the  agreement 
between  the  FLN  and  EPR  data  is  excellent  for  both  otientati(»s.  These  results  provide  com- 
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Figure  4.6.  Illustration  of  nine  possible  fluorescence  transitions  in 
an  inhomogeoeously  broadened  Cr^  system. 
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unresolved,  a  single  point  is  drawn. 


pelting  evidence  that  the  EPR  and  optical  center  have  the  same  identity,  thereby  identifying 
tetrahedral  Ci^  as  the  source  of  the  near  IR  emission  in  Crforsteiile. 

FLN  Intensttke 

The  analysis  of  the  line  positions  discussed  above  suflices  to  establish  the  conespon- 
denoe  between  the  near  IR  optical  center  in  Cr-doped  foisterite  and  the  tetrahedral  Cr^  center 
idendfied  by  EFR.  Nonetheless,  it  is  of  interest  to  analyze  the  line  intensities  in  the  FLN 
spectra  in  order  to  understand  the  factors  responsible  for  the  large  variatioo  in  peak  am|4i- 
tudes  and,  in  particular,  explain  the  absence  of  several  possiUe  lines  from  the  observed  FLN 
spectrum. 

In  Fig.  4.8,  we  rqnoduce  the  FLN  spectra  obtained  with  B  II  c.  and  with  excitation 
tuned  to  10691 A.  Assembled  above  the  e:q)etiinental  data  ate  two  sets  of  stick  spectra  com¬ 
puted  by  associating  with  each  field  dependent  line  position  (from  Eq.  4-1)  an  intensity 
calculaied  in  the  following  manner.  In  the  lower  spectra,  all  cd*  the  nine  possiUe  FLN 
transitions  are  given  equal  intensity;  the  central  feature  is  composed  of  the  three  oveilsqiping 
lines  for  which  i=f.  The  discrepancy  between  these  spectra  and  the  experimental  spectra  is 
obvimis.  In  the  upper  stick  spectra,  the  line  intensities  are  weighted  with  a  Bcdtzmann  factor. 
exp(-dEi/kT),  in  which  AEi  is  the  energy  difference  betweoi  the  ground  state  sublevel  from 
which  the  absorption  originates  and  the  lowest  suUevel.  This  term  greatly  dimmishfes  the 
intensity  all  lines  that  do  not  originale  in  the  lowest  sublevel  of  the  ground  state 
(particularly  at  high  field),  thereby  enhancing  the  correspondence  widi  the  experimental 
spectra.  It  is  dear,  howeva.  that  this  factor  does  not  fully  reconcile  the  experimental  and 
calculated  spectra;  evidently,  the  Inanching  of  the  optical  tiansitioo  probabilities  plays  a  critical 
role  in  determining  the  intensity  distribution  among  the  FLN  lines. 

Our  model  of  the  FLN  cycle  involves  excitation  from  each  of  the  ground  state  ^Ai 
sublevds,  i,  to  a  selected  one  of  the  ^Ai[^2]  sublevels,  A  followed  by  emission  from  its  lowest 
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Figure  4J.  Comparison  the  experimental  spectra  obtained  with  Ba  II  c  with  stick 
spectra  derived  from  the  FLN  modd  with  (upper  trace)  and  without  (middle  trace) 
Boltzmann  factors.  The  dipole  matrix  elemeats  have  been  set  to  unity  in  both 
calculations. 
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exdtBdspinsublevdLTz'.  to  tlie  gromid  state  sublevel/  Within  this  fmnewoik  the  intensiiy. 
hij,  of  the  FLN  line  M  eneigy  Vf/,  can  be  expressed  as: 

'I,  K’A/I  /■  l*A,i)|’  IX/I  /<  l’A.T;)r  («) 

The  first  factor  in  Eq.  4-2  represente  the  Botamann  population  diatribiition  among  the  ground 
state  subleveis;  the  second  and  third  faclon  denote  the  ekctiic  dqnle  tnnsilion  probabilities 
asaociaied  with  absorption  and  fluofcacenoe.  respectively.  In  writing  Eq.  4-2,  we  have  ignored 
any  influence  of  the  homogeneous  and  inhooK^eneous  linewkUis  on  the  absorption  proba¬ 
bilities  as  well  as  aiqr  satnntiao  effects.  Following  the  spectral  stability  arguments  of  Van 
Vkdc.^  we  assume  that  the  field  induced  mixnig  of  die  orbital  oonqxments  of  die  stales  is 
n^gible.  and  therefore,  restrict  our  anendcn  to  the  mixing  (tf  the  (effective)  triplet  spin  sub- 
levds  widm  the  ^Ai(^2]  rmnifrdds.  Use  of  diis  approximation  allows  one  to 

remove  the  dipole  moment  matrix  clement  term,  common  to  all  transitifais.  and  express  .fly  in 
terms  of  spin  overlap  functions,  so  that 

'I,  Ky|i)f  K/h-ilf  «-3) 

Under  our  experinwital  oonditioas  oidy  die  triplet  spin  substates  of  the  ground 
electronic  state  are  appreciably  mixed  by  die  external  field.  For  convcnknoe,  we  write  the 
fleld-depeodent,  ground  state  spin  substales  {rr.i>.  IITo^.  rr4.i>}  as  linear  condanadons  of 
the  zero-field  tii|det  ^pin  eigenstates  {rrx>.  rry>.  IT;^}.  For  the  case  Bf  II  c,  c  being  a 
principal  axis  (y)  of  die  fine  structure  inieiaction  tensor,  we  may  write: 


IT.i>  =  cosff  ITx>  siiiff  IT^, 

(4-4a) 

ITtf>=ITy>, 

(44b) 

IT4.i>  =  sinff  ITx>  -  ooeff  IT^, 

(44c) 

in  which  tand  =  l/2[(I>-E>4-{(D-E)2+4(gytpBl  /  gyl^l  IBqI  and  the  sublevel  en¬ 

ergies  are  (E^s  1/2  [  -(D3  +E)  ±  {  (D-E)2  +  4<gyl|iBl  IBol)^}*^  ■nd  E©  =  D3  +E 
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Introdiictioo  of  such  explicit  fonns  for  the  field  induced  state  mixing  imo  Eq.  4-3  enables  the 
j\if  to  be  expressed  entirely  in  tenns  of  the  applied  magnetic  field  and  the  zero-field  qiin 
oveil^)  functioas.  These  overlap  fiinctioos  are  taken  as  adjustable  panuneteis  «Ucb  we  eval¬ 
uate  through  simulatioa  and  numerical  analysis  of  the  FLN  spectra. 

In  Fig.  4.9  we  present  simulated  FLN  apectn  directly  conqaaable  to  the  experimental 
spectra  shown  in  Fig.  4.Sb.  These  simulations  are  computed  with  the  spin  overlap  terms  listed 
in  the  matrix  written  below.  In  addition,  the  lines  in  the  simnlation  are  given  a  0.6A  wide 
Gaussian  lineshape.  typical  of  the  observed  spectral  profiles.  The  similarity  of  the  experimen¬ 
tal  and  simulated  spectra,  in  comparison  to  the  stick  spectra  in  Hg.  4.8,  lends  stqipott  to  the 
simple  model  that  has  been  introduced. 
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In  the  ovolap  matrix  we  write  ”w”  for  ^z^z'>  <<>  indicate  a  weak  but  nonetheless 
detectable  transitioo;  the  value  ~0  refers  to  situations  in  which  there  is  no  detectable  transition. 
Because  the  total  rUisorption  resulting  from  exciting  each  of  the  three  upper  state  sublevds  was 
not  explicitly  measured,  the  relative  magnitntte  of  the  matrix  elements  across  the  columns  of 
the  table  are  arbitrary;  only  the  relative  values  within  each  oolrrrrm  are  meaningful.  It  is  inter¬ 
esting  to  compare  this  matrix  of  zero-fidd  triidet  spin  overiap  integrals  with  the  analogous 
matrix  Of  effective  transition  strengths,  obtained  by  Yen  and  co-woifcen^^  via  analysis  of  die 
temperature  dependence  of  absorption  intensities.  The  two  studies  yidd  broadly  similar  results 
Ciea  and  coworkets  report  transitioo  probabilities  which  should  be  compared  widi  the  squares 
of  the  overlap  irrtegrals  that  we  have  tabulated.)  Some  of  the  findings,  however,  are  not  en- 
tirdy  compatible.  For  exanqile,  we  obaerve  a  weak,  but  detectable,  absorption  between  Tz  of 
^A2  and  Tz'  of  ^Ai[^2]>  while  Yen  and  co-workers  report  the  strength  of  this  transition  to  be 
zero.^^  AdditioiiBlly,  we  find  no  evidraoe  of  a  connectivity  between  Tz  of  ^A2  and  Tz'  of 
^AipTd- 
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Figure  4^.  Simulated  FLN  spectra  at  2  K  for  B#  II  e  derived  fonn  the  FLN  model, 
induced  spin  overlap  funcrions  (see  matrix  in  text)  and  an  overall  spectral  response  of  0.6 
A.  A  spectral  step  size  of  0.2  A,  consistent  widt  the  experimental  data,  is  employed. 
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Fluorescence  Intensity 
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Finally,  notwithstanding  the  good  agreement  betweoi  data  and  the  simulations  illus- 
tnted  in  Fig.  4.9,  we  hasten  to  stipulate  some  limitatknis  our  treatment,  as  we  found  that  our 
analysis  did  not  provide  a  set  of  parameter  values  that  enabled  equally  satisfactory  simulations 
over  the  entire  range  of  the  applied  magnetic  fields  for  all  exdtatioas.  Fruton  that  could  de¬ 
grade  the  quality  of  the  agreement  between  the  observed  and  amiilated  spectra  include: 
1)  slight  mixing  of  the  exdied  state  triplet  sublevds;  2)  detuning,  which  occurs  when  the  ab¬ 
sorption  maxima  are  shifted  from  the  pump  wavelength  by  api^ication  a[  the  magnetic  field; 
and  3)  reabsoiption.  which  can  reduce  the  intensity  of  lines  temnnating  on  the  lowest  ground 
state  sublevel.  This  latter  effect  has  been  seoi  to  distort  the  Zeeman  spectra  of  luby.^ 

IV.  CoDchnioDS 

We  have  observed  FLN  at  low  temperature  for  the  near  IR  emission  from  Cr-doped 
forstehte  upon  excitation  into  the  lowest  excited  state  derived  from  ^2-  Excitation  to  higher 
energy  leveis,  such  as  does  not  yield  line-narrowed  fluorescence,  presumably  because  d- 
ther  the  site  energies  are  unoorrelated  between  and  ^2  manifolds  or  energy  transfer 
amcmg  the  diffarmt  sites  in  the  inhomogeneous  line  occurs  during  the  rdaxation  process.  The 
1114  spectra  result  from  emission  from  the  lowest  spin  sublevel  of  ^Aii^2].  which  can  be 
populated  either  by  direct  excitation  or  by  internal  ccmversion  following  excitation  to  either  d* 
the  two  hitler  lying  sjw  sublevds.  The  positkm  of  the  lines  in  the  FLN  ^lectra  were  mea¬ 
sured  as  a  function  of  an  apf^ed  magnetic  field  for  two  distinct  directkms  in  the  crystal. 
Subsequent  analysis  of  the  line  positions  allowed  for  the  determinaiion  of  die  ground  state 
sublevel  energies  as  a  function  of  the  freld.  This  fidd  dependence  was  compared  to  the  behav¬ 
ior  predicted  for  the  tetrahedral  Cr^  paranagnetic  center  idenufied  by  EFR.  The 
correspondence  between  the  optical  and  EPR  spectroscopic  results  unequivocally  identifies 
the  near  IR  lasing  center  as  Cf^.  A  simple  modd  of  the  HU  exdtation/endsskn  cyde 
incorporating  mixing  of  the  spin-state  suUeveis  by  the  external  field  can  be  onployed  to 
describe  the  intensity  (fistribution  among  the  lines  in  the  spectra  as  a  function  of  the  field 

strength  and  direction. 
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Abstract 

Electron  paramagnetic  resonance  spectroscopy,  and 
optical  spectroscopy  at  room  tempentuie  and  lOK  have 
been  used  to  analyze  the  role  of  chromium  ions  (Ci^) 
in  the  near-infrared  emission  spectra  of  chromium-doped 
forsterite  and  flkeimanite  crystals.  Chromium  ipns 
(Cr^  in  nearly  equivalent  tetrahedral  sites  did  not  give 
rise  to  near-infrared  emission  from  all  samples. 


Introduction 

Chromium-doped  forsterite  has  received  attention 
because  it  has  an  unusual  lasing  range  between  1.1-13 
pm  which  does  not  exist  for  chromium  ions  in  any 
other  known  crystal  host  environment  Its  NIR  (near- 
infrared)  absoqrdon  and  emission  have  been  attribi^  to 
tetravalrat  chromium  ions.  Cr^,  in  the  tetrahedrally 
coordinated  silicon  site  [1].  Although  there  is  some 
evidence  supptnting  the  above  posulate,  the  presence  in 
forsterite  of  two  kinds  of  octahedral  sites,  (where  charge 
compensated  chromium  ions  of  various  valences  (as 
well  as  other  impurity  ions)  may  be  accommodatetO* 
complicates  the  (electron  paramagnetic  resonance) 
and  optical  specoa  making  them  difficult  to  interpret 
To  simplify  the  search  for  and  analysis  of  Cr^  ions  in 
tetrahedral  sites,  we  have  grown  and  analyzed  two 
chromium-doped  crystals  of  the  flkermanite  structure 
which  have  only  tetrahedral  sites  to  accommodate  the 
Cr*'*'  ions. 

In  this  paper  we  describe  the  crystal  growth  and 
characterization  of  ^ermaniie  crystals.  We  observe 
paramagnetic  centers  that  are  assignable  to  Cr^  and 
have  very  similar  properties  in  both  chromium-doped 
forsterite  and  in  one  of  the  studied  iketmanite  crystals. 
However,  we  measure  optical  absorption  and  emission 
spectra  of  these  crystals  that  does  not  fully  support  the 
proposition  that  transitions  from  Cr^'*'  ions  at 

OSA/ncttdiigiaiJtevmcedSatttl-aauLianmi,  Vel  tO 
Gtcrt€DubiaiJUoydaia^{tdii) 
e  mi  Opdeat  Soeuty<fAm€riea 


tetrahedral  sites  are  the  responsible  for  the  NIR  lasing  of 
chromium-doped  forsterite. 


Crystal  Structure 

The  forsterite  crystal,  Mg2Si04,  has  space  group 
symmetry  Pbnm.  Shown  in  Fig.  1  is  the  unit  cell  with 
the  atomic  site  locations  in  forsterite.  There  are  two 
distinct  octahedral  sites,  one  with  inversion  symmetry 
Ci  and  the  other  with  mirror  symmetry  0$.  that  are 
occupied  with  divalent  magnesium  ions.  The 
tetrahedrally  coordinated  4c  silicon  site  has  mirror 
symmetry  Cs.  When  Cr-doped,  Cr^'*'  was  found  to 
substitute  for  magnesium  [2],  while  the  Cr^  ions  are 
believed  to  occupy  the  tetrahedral  sites  [1]. 


Figure  1.  Unit  cell  of  forsterite,  Mg2Si04.  Small  open 
and  solid  circles  are  Mg  atoms,  big  circles  are  O  atoms 
and  Si  atoms  not  shown  are  at  the  centres  of  the 
tetrahedra.  (Reproduced  with  permission  from  Ref.  [3].) 
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Shown  in  Hg.  2  is  the  structure  of  the  Skemtanites, 
generally  A2BC2O7  [4],  We  examine  here  BMAG 
(Ba2MgGe207)  and  Cl^O  (Ca2MgSi207)  which  have 

space  group  P42m<  The  A^'*'  ions  at  4e  sites  have 
eightfold  coordination  and  local  symmetry  Cs  that  can 
be  substituted  by  rare-earth  ions  such  as  neodymium 
(Nd^'^).  (with  charge  compensating  ions),  to  make  a 
Nd^'*’  laser  [S.6].  There  are  two  tetrahedral  sites,  B^'*' 
(Tl)  and  (12,  T3).  In  the  ikermanites  examined 

here,  the  ions  have  magnesium  ions  (Mg^'*')  that 

are  in  an  uncommon  teoahedi^  symmetry  ^  instead  of 
their  usual  octahedral  symmetry.  The  two  equivalent  4e 
teuahedral  sites,  T2  and  T3.  have  the  same  Cs 
symmetry  as  the  Si  site  in  forsterite  and  therefore  could 
also  be  occupied  by  tetravalent  chromium.  In  the 
dkermanites  there  are  only  tetrahedral  €$  symmetry  sites 
that  could  accommodate  tetravalent  chromium  This 
makes  it  an  excellent  host  for  studying  the 
characteristics  of  Ci^  in  tetrahedral  sites. 

Shown  in  Fig.  3  are  the  nearly  equivalent 
interatomic  separations  of  the  tetrahedral  sites  in 
forsterite  and  Skermanite  crystals.  It  is  apparent  that  a 
chromium  ion  located  there  would  lead  to  nearly 
equivalent  crystal-field  strengths  and  thus  transition 
energies. 


Crystal  Growth 

Undoped  and  Cr-doped  BMAG  and  CMSO  crystals  were 
grown  by  the  Czochralski  technique  from  melts  of 
nearly  stoichiometric  composition.  An  excess  of 
geimanium  or  silicon  oxide  was  added  to  the  respecnve 
melts  to  compensate  for  its  loss  by  evaporation.  The 
chromium  concentrations  in  the  melt  were  0.01, 0.1, 
02s  and  0.5  mole  percent  with  respect  to  Ge  or  SL 
Feed  materials  were  dehydrated  prior  to  their  weighing. 
Nucleation  occuired  at  •-1400C  and  -IdSOC  for  BMAG 
and  CMSO  respectively.  Crystalline  material  for  seeds 


Figure  2.  Unit  cell  of  ^ermanite,  generally  A2BC2O7 
(Reproduced  with  permission  from  Ref.  [4].) 


Forsterite 

Mg,SI04 


a 
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CajMgSliOj 
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Figure  3.  Local  symmetry  and  interatomic  spacings  of 
forsterite  and  fikermanite  tetrahedral  sites. 

was  obtained  by  nucleation  on  a  platinum  wire.  X-ray 
oriented  seeds  were  cut  along  the  (100)  plane  to  avoid  a 
cleavage  plane  along  (001). 

FacettKl,  optical  quality  crystals  were  grown  in  an 
air  atmosphere  environment  to  help  oxidize  Cr^'*'  to 
Cr^.  The  crystals  were  grown  with  a  seed  rotadcn  rate 
of  30  rpm  and  a  pull  rate  of  1-2  mm/hr.  Chromium- 
doped  BMAG  is  aqua-blue  in  color  and  CMSO  is 
purple-blue  and  both  crysuls  are  dichroic. 
Spectroscopic  samples  were  x-ray  oriented  and  cut  along 
a  and  c  crystallogr^hic  diiecdons.  To  facilitate  crystal 
rotation  for  EPR  experiments  crystals  were  cut  into 
right  triangular  prisms  along  the  two  a-axes  and  the  c 
co^axis.  Cr-doped  forsterite  samples  were  obtained 
from  Dr.  R.  Morris  of  Allied-Signal  Corporation. 
These  crystals  were  doped  with  a  s^cient  amount  of 
chromium  to  distinctly  color  the  crystals  a  light  olive 
greetL  We  also  obtained  a  mme  lightly  doped  sample, 
with  only  faint  coloration,  from  ^fessor  S.  Hafrer 
from  the  University  of  Marburg. 


EPR  Measurements  and  Analysis 

In  EFR  experiments,  we  examined  the  0.01  and  0.5 
mole  percent  Cr-doped  BMAG  crystals.  We  also 
ftTnminHrf  light  and  havily  doped  forsterite  samples  and 
a  0.25  mole  percent  Cr-doped  CMSO  crystal  In  the 
0.5  mole  percent  Cr-doped  BMAG  crystal  three  strong 
EPR  absorptions  were  identified:  Mn^'*'  (from  its 
characteristic  nuclear  hyperfine  structure),  Fe^  (which 
exhibits  an  axial  EPR  spectrum  very  similar  to  Fe^'*'  in 
garnets),  and  a  signal  that  we  attribute  to  Cr^'*'.  In  the 
less  heavily-do]^  BMAG:Cr  only  the  iron  and 
manganese  signals  were  detected. 

The  field-for-resonance  of  BMAG:Cr  is  plott^  as  a 
function  of  crystal  orientation  with  respect  to  the 
external  field  in  Fig.4(a)  for  the  spectral  feature 
attributed  to  Cr^'*'.  At  a  general  orientation  of  the 
crystal,  we  observe  four  EPR  signals  that  reflect  four 
crystallographically  equivalent  sites  (arbitrarily 


78 


Advanced  Solid-State  lasers 


designated  a,  p,  Y.  S  in  S(a)).  These  ates  become 
magnetically  equivalent  at  certain  crystal  orientations  in 
a  manner  that  indicates  the  incoqxuation  of  this  spwies 
at  the  crystallographic  4e  site  of  the  BMAG  P42m 
system.  Both  barium  and  germanium  lie  at  4e  sites. 
Inasmuch  as  substitution  of  Cr^  lot  Ba^***  is  unlikely, 
owing  to  the  disparity  of  their  ionic  radii  (0.44  A  vs 
1.42  A),  these  remits  indicate  the  incorpomtion  of  Ct^ 
at  the  tetrahedral  germanium  sites. 

We  observed  only  one  of  the  three  EPR  transitions 
between  the  three  spin-levels  of  Cr^'*' .  indicating  a 
large  zero-field  splitting.  Moreover,  the  well-known 
selKtion  rules  associated  with  transitioiis  between  spin 
one  (quasi)  zeto-fidd  states  cause  the  disappearance  of 
two  of  the  EPR  lines  (a,Y)  in  the  [110]  plane.  Our 
ability  to  fully  characterize  the  EPR  parameters  of  the 
system  is  thus  somewhat  limited.  The  Held-for- 


(b) 

Hgure  4.  (a)  Angular  dependence  of  the  Cr^  EPR 
signals  of  Cr-doped  BMAG.  (b)  Angular  dependence  of 
the  Cr^  EPR  signals  of  &-doped  forsterite.  The 
crystallographic  axes  are  indicated  in  the  figures.  The 
spectra  were  obtained  at  9.5 1  GHz  at  a  temperature  of 
298K. 


resonance  angular  variation  curves  can  nevertheless  be 
analyzed  according  to  the  usual  spin  Hamiltonian  for  a 
spin  one  system: 

H  =  -IpBlBo-g-S  +D(Sz2.s2/3)  +  EfSx^-Sy^). 

in  which  g  is  taken,  as  a  point  of  departure,  as  isotropic 
with  the  free-election  g-value,  and  D  and  E  are  the  fine 
structure  parameters,  which  we  least-squares  Et  to  the 
experimental  data.  This  analysis  leads  to  the  fine- 
structure  parameters  values  (standard  deviations  in 
parentheses): 

IDI»1.1x102  (0.3X102)  GHz,  and 
IEI-4.1(0.1)GHz. 

The  large  magnitude  of  D  suggests  that  deviadons  of 
the  principal  values  of  g  from  the  free-electron  value 
must  be  taken  into  account  in  a  more  complete 


e 


Hgure  S.  (a)  Orientation  of  the  Cr^  centers  at  the  4e 
sites  in  BMAG.  The  relative  orientations  of  the  four 
centers  related  by  the  P42m  space  group  synmetry. 
(b)  A  view  of  one  of  the  sites,  the  fi-site,  detailing  the 
orientations  of  the  y  and  z  fine-structure  axes. 
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analysis,  but  thai  such  deviations  would  not  exceed  ten 
percent,  nor  lead  to  significant  revision  of  the  estimated 
values  of  the  fine-structure  parameters.  We  also  find 
that  the  dominant  fine-structure  axis  (conventionally,  z) 
lies  in  the  mirror  plane  and  makes  an  angle  of 
approximately  rtfi  with  the  crystallographic  c  axis, 
while  the  minor  (x)  axis  lies  normal  to  the  mirror 
plane. 

EPR  spectra  of  Cr-doped  forsterite  reveal  a 
paramagnetic  center  with  EPR  properties  very  similar  to 
those  of  the  Cr^'*’  center  in  BMAG.  We  observe  a 
broad,  structureless  line,  the  intensity  of  which  scales 
with  the  chromium-doping  level  The  signals  are  easily 
observed  at  room  temperature.  The  pattern  of  magnetic 
equivalences  exhibited  by  the  crystallographicaliy  related 
signals  manifests  incorporation  at  a  4c  site  and  is  thns 
consistent  with  Cr*'*'  substitution  for  silicon.  Analysis 
of  the  angular  variation  of  the  field-ftv-resonance, 
shown  in  Fig.  4(b),  in  the  manner  described  for  BMAG 
leads  to  the  fine-structure  parameter  values  (values 
determined  at  room  temperature): 

IDI=  61.(1.)  GHz  and 
EM.S88(0.003)GHz. 

In  forsterite,  the  dominam  fine  structure  axis  again  lies 
in  the  mirror  plane  and  makes  an  angle  of 
approximately  n/4  with  the  crystallogrtqjhic  a  axis,  but 
the  median  axis  (y)  lies  normal  to  the  mirror  plane.  An 
intriguing  aspect  of  the  Cr*'*’  center  in  forsterite,  which 
we  are  continuing  to  study,  is  the  decrease  in  the 
magnitude  of  the  lEI  with  decreasing  temperature. 
Because  we  observe  the  Ct^  restmance  near  zero-field, 
and  inasmuch  as  the  size  of  the  microwave  quantum  is 
very  nearly  equal  to  the  zero-field  splitting,  I2EI,  the 
effects  of  temperature  on  lEI  can  precipitate  the 
disappearance  of  the  Ct^'*’  EPR  line  the  shift  of 
resonance  position  "beyond*  zero-field);  these  effects  are 
thus  readily  observed. 

In  preliminary  studies  of  CMSO  at  9.1  GHz,  no 
signal  of  the  type  assigned  to  Ct^'*'  in  BMAG  and 
fdxsterite  was  observed.  We  suspect  that  in  this  system 
the  value  of  QEI  exceeds  the  EPR  fiequency,  and 
accordingly,  the  Cr^  signal  is  difficult  to  observe. 


Optical  Spectroscopy  Measurements  and 
Analysis 

Polarized  absorption  spectra  were  obtained  with  a 
Perkin-Elmer  Lambda  9  spectrophotometer.  Room 
temperature  and  lOK  spectra  for  Cr-doped  forsterite, 
BMAG  and  CMSO  are  shown  in  Fig.  6.  The  lOK  NIR 
absorption  spectra  are  shown  in  the  insets  of  Fig.  6. 
Zero-phonon  lines  are  only  present  in  forsterite  and 
Bh^G  samples,  at  approximately  the  same  wavelength 
region.  The  measured  emissions  of  forsterite  are  about 
the  same  as  published  by  other  authors  [7].  Zero- 
phonon  lines  were  completely  absent  in  the  CMSO 
crystals.  We  were  unable  to  find  any  emission  from 


(a) 


Wavelength  (nm) 


(b) 


Wavelength  (nm) 

(c) 

Figure  6.  Room  temperature  and  10  K  polarized 
absorption  spectra  of:  (a)  Mg2Si04:Cr.  (b) 
Ba2MgGe207:Cr  and  (c)  Ca2MgSi207:Cr. 
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both  Cr-doped  ^ennanites.  even  at  liquid  helium 
tempeiauire. 

To  check  thd  influence  of  a  valency  change  in  our 
^eimanite  crystals  on  the  spectra,  we  attempted  to 
reduce  the  crystals  in  an  oxygen  partial  pressure  of 
10*1^  atm  at  7S0C  for  36  hours.  The  room  temperature 
absorption  remained  the  same  and  emission  was  still 
absent  (indicating  low  oxygen  diffusion).  Lower 
oxygen  partial  i»essuies  were  obtained  with  forming  gas 
(95%  N2  and  5%  H2)  and  the  samples  were  heated  to 
lOOOC  for  24  hours  and  then  quenched.  After  reduction 
the  absorption  of  CMSOtCr  is  smaller  by  ~2S%  for  Ellc 
throughout  the  spectrum  and  still  without  emission 
(measured  at  room  temperahire). 

In  the  absorption  qtectra  of  the  three  crystals  we 
observed  the  same  characteristic  large  absorption  hands 
ascribed  to  the  ^A2->^Ti  Cf*"*"  in  tetrahedral  sites, 
(three  absorption  bands  arise  from  the  reduction  of 
symmetry  of  T(i  to  Cs).  Their  peaks  are  given  in 
Table  1. 


Table  1.  Absorption  peaks  of  three  O-doped  crystals. 


Crystals 

Absorption  Peaks  (nm) 

Mg2Si04:Cr 

571, 662. 742 

Ca2MgSi207:Cr 

579. 660, 767 

Ba2MgGe2C>7:Cr 

636, 728,  832 

The  abKOTtion  peaks  of  BMAO  are  red-shifti*^ 
to  the  other  two  cryMaijf  of  the  nnaller  crvs^ 

field  strength  «*-  fia  The  absorption  peaks  of 
CMSO  are  almost  identical  to  forsterite,  as  we  would 
expect  due  to  their  similar  average  Si-0  bond  length  of 
1.63  A  and  the  same  local  Cs  symmetry  (see  Fig.  3) 
[8,9].  Th^  absorption  characteristics  must  come  fiom 
having  similar  species  in  nearly  identical  local 
environments  in  th^  crystals.  Comparing  the  crystal 
structure  of  forsterite  and  fikermanite,  the  only 
sunilarity  is  the  Si  (Ge)  tetrahedral  site  with  symmetry 
Cs.  Also,  in  these  flkermanite  crystals  there  are  no 
chromium  charge  compensating  species  possible  thus, 
Cr^"^  can  only  be  substituted  into  the  Si^'*’  or 
site.  We  deduce,  (consistent  with  our  EPR  results),  that 

C,4+ 

is  in  the  tetrahedral  site  in  all  of  the  three  crystals, 
Mg2Si04;Q,  BMAGtCr  and  CMSOtCr. 

However,  considerable  differences  in  the  low 
temperature  NIR  absorption  spectra  exist  (insets 
Ftg.  Q.  Rrst,  although  we  observed  zero-phonon  lines 
both  in  the  BMAG  (1290  nm)  and  forsterite  (1090  nm), 
they  occurred  in  different  polarizations  since  the  c-axis 
of  Aketmanite  corresponds  to  a-axis  of  forsterite  when 
considering  the  orientation  of  the  tettahedra  (see  Fig.  3 
note,  forsterite's  axis  system  is  left-handed.).  Second, 
zero-phonon  lines  (around  l.l-lj  pm)  are  completely 


absent  in  CMSO.  Third,  emission  was  not  detected 
frorn  any  of  the  Akermanite  crystals  at  room  temperature 
or  lOK.  Based  on  the  sensitivity  of  our  spectrometer, 
the  Akermanite  emission  intensity  must  be  at  least  a' 
factor  of  100  less  than  that  of  forsterite.  The  radiative 
quantum  efficiency  must  therefore  be  extremely  low  for 
Cr-doped  Akermanites. 


Conclusions 

From  EPR  measurements  of  the  Cr-doped  crystals  and 
the  similarity  of  their  optical  absorption  spectra  we 
telieve  that  there  indeed  exists  Ct^  in  teoahedral  sites 
in  all  three  crystals.  However,  because  the  zero-phonon 
lines  and  emission  spectra  differ  for  tetiavalent 
chromium  occupying  tetrahedral  sites  in  these  three 
hosts  we  infer  that  it  is  unlikely  that  the  mechanism 
responsible  for  the  NIR  lasing  of  Cr-doped  forsterite  is 
due  solely  to  transitions  of  Cr^'*'  ions  in  tetrahedral 
sites.  It  is  interesting  to  note  that  the  same  conclusion 
was  reached  in  Ref.  [10]  based  solely  on  spectroscopy  of 
forsterite. 
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Chapter  6 


Electron  Paramagnetic  Rcsmtance  Spectroscopy  of 
Clirominm*d(qpcd  Gehlenitcs. 


Several  chromium-doped  gehlenite  single  crystals  were  examined  by  EPR.  We  were 
unable  to  identify  any  signals  arising  from  tetrahedral  Cr^. 

Single  crystals  of  the  chromium-dq>ed  gehlenites  Ca2Al2SiC>7  and  Ca2Ga2SiC>7 
were  obtained  from  Dr.  Bruce  H.  T.  Chai  of  the  University  of  Central  Florida  Center  for 
Research  in  Electro-Optics  and  Lasers.  Samples  were  doped  with  0.5  to  1.0  weight  percent 
chromium  in  the  melt  Cdor  ranged  from  light  to  deep  blue  with  increasing  chromium 
concentration. 

Gehlenites  are  members  of  the  melilite  solid  solution  family  and  are  thus 
isostructural  with  the  melilite  ikermanite.  As  is  the  case  with  BMaG,  there  are  two  possible 
tetrahedral  cation  substitution  positions  2a  and  4e.  In  gehlenite  the  2a  sites  are  occupied  by 
ions  and  the  4e  site  occupancy  is  spit  between  Si^  and  Al^(Ga^).^  Rotation 
patterns  for  ions  in  the  two  sites  ate  expected  to  be  equivalent  to  those  for  BMaG. 

Samples  of  both  Ca2Al2Si07  and  Cj^Ga2Si07  were  examined  with  magnetic  field 
rotation  in  the  ac  and  ab  planes;  the  experimental  setup  was  same  as  that  used  for  the  study 
of  BMaG.  Typical  EPR  spectra  for  Ca2Al2Si07  are  shown  in  Hgurel  and  for  Ca2Ga2SiC>7 
in  Figure  2.  In  both  crystals  only  a  single  strcmg  transition  was  observed.  In  Ca2Al2SiC>7  the 
signal  remained  stationary  at  a  resonanoe  Held  of  3453  G  for  magnetic  field  rotation  in  all 
I^anes;  the  line  width  of  this  signal  varied  from  150  to  250  G  with  Held  rotatioiL  In 
C^Ga2SiC>7  the  signal  remained  nearly  staticmary  at  a  resonance  field  of  approximately 
1400  G  for  magnetic  field  rotation  in  all  planes;  the  line  width  of  this  signal  varied 
dramatically  with  field  rotation,  ranging  from  20  G  to  200  G.  Several  smaller  signals  were 
also  observed  in  each  crystal. 


*P.  Korczak,  R  Schichi,  and  F.  Raaz.  Foitschr.  Minaal..  50  (1973)  p.  21 1. 
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FIG.  1.  T>'i»cal  EPR  roUdooal  spectra  of  chromium-doped  Ca2Al2Si07  with  Bo  in  the  ab 
oystallogiaphic  plane. 
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FIG.  2.  Typical  EPR  rotational  spectra  of  chiomiuin-doped  Ca^Ga2Si07  with  Bo  in  the  ac 
crystallographic  plane. 
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Chapter  7 

Eketron  Pwanagaetfe  Re«»aiiee  Spcetroacopgr  of  Mai9aiiese>4o|wd 
B«3(V04)2  :  IdoitilicatioB  ct  tetralicdml  aad  cotten. 
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ABSTRACT 

EPR  (electron  paramagnetic  rescMiance)  qsectia  of  single  crystals  of  a  new  sc^d-state  laser 
material,  manganese-doped  Ba3(V04)2,  are  reponed.  The  spectra  reveal  incorporation  of 
the  putative  active  ion,  Mn^,  in  place  of  the  tetrabedrally  coordinate  km  at  sites  of 
C3v  symmetry.  The  spin  Hamiltonian  param^ers  that  characterize  the  Mn^  center  are 
D=5.81  GHz.  gn=1.9608  .  gx-1-9722.  Aii=70xl0^  cm’^,  Ax=60xl0^  cm*J.  The  substitu¬ 
tion  of  Mn^  for  V^,  at  ^rproximately  one-fifth  the  abundance  of  Mn^,  is  also  indicated. 
The  Mn^  spin  Hamiltonian  parameters  are  D=28  GHz.  git=1.977  ,  gx=1.98S,  An=80zl0^ 
cm*l,  Ai=19xl0^  em'V 
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I.  INTRODUCTION 


Recently  there  has  been  ccmsiderable  interest  in  the  characterization  new  solid-state 
laser  materials  in  which  the  active  optical  centm  consist  of  3<P  kns  inooiponted  at  tetra¬ 
hedral  host  lattices  sites.  Primary  interest  in  such  materials  was  sparked  by  the  discovery  of 
near  IR  (infrared)  laser  emission  in  chromium-doped  forslerite  (CrMg2Si04).  The  opti¬ 
cal  center  in  this  material  was  assigned  —  by  a  combination  of  opiical.'^il  EPR  (electron 
paramagnetic  resonance). and  optical-Zeanan  spectroscopies^O-^^^^^^  —  as  Cr^ 
substituting  for  Si^  in  the  silicate  tetrahedra.  Near  IR  laser  action  has  also  been  observed 
from  tetrahedral  Cr^  in  YAG  and  Y2Si05^^Theae  studies  have  prompted  interest  in  the 
iHoader  examination  of  materials  which  iiKxxpoiate  odier  3d2  ions,  such  as  Mn^.  in  tetra¬ 
hedral  coordination  environments. 

Pentavalent  manganese  in  tetra-oxo  coordination  has  been  studied  by  optical  and 
EPR  spectroscopy  in  a  number  manganese-doped  arsenates,  phospb  i,  and  vana¬ 
dates.  Capotaanco  et  al?^  have  recendy  reported  near  IR  emission  from  manganese- 
doped  Sr j(PQ4)3CI  (^latite  structure)  and  C^PQsCl  (qxxiiosite  structure);  Herren  et 
have  repotted  similar  results  for  manganese-doped  Bas(P04)3Q  and  Ca2V04Cl;  both 
groups  have  assigned  the  near  IR  emission  to  the  to^A2  transition  of  ions  located 
at  tetrahedral  sites.  Very  recently.  Meride  et  al.  have  reported  a  similar  optical  spectrum, 
and  mote  significantly,  laser  action  from  manganese-doped  Biq(VQ4)2;  they  have  sug¬ 
gested  that  the  lasing  carter  is  Mn^,  substituting  for  at  tetrahedral  vanadate  sites.^ 

In  this  papa  we  present  EPR  spectral  studies  of  manganese-doped  Biq(VQ4)2  that 
demonstrate  the  presence  of  Mn^  ions  substimtionally  incorporated  at  tetrahedral  lattioe 
sites.  In  addition,  these  studies  show  that  <P  Mn^  ions  are  also  incorporated  at  tetrahedral 
sites  in  this  material. 
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IL  CRYSTAL  SIRUCTURE  OF 


The  Ba3(VQ4)2  cryatil  hu  tiigooal  symmMy  and  space  group 
RS2/in.3^  The  stractme  is  composed  of  diaciete  VQ^  teinhedn  linked  by  six-  and  ten¬ 
fold  coordinate  ions.  Thiee  Ba3(VQ4)2  fonnnla  units  constitute  the  hexagonal  unit 
cell.  Ciystallographic  data  for  BasfVQ^  is  given  in  Table  7.1.  and  the  ciystal  lattice  is 
shown  in  Hgs.  7.1. 7.2.  and  73. 

The  ions  are  situated  at  the  hexagonal  6c  position;  the  ions  lie  at  two  dis- 
tinct  positions.  3a  (six-coordinate)  and  6c  (ten-coordinate).3i  Cationic  substitution  of 
manganese  can  thus  occur  only  at  the  3a  or  6c  positions.  The  former  have  site  ^mmetiy  Sm 
and  the  latter  have  site  symmetry  3m.  with  the  three-fold  axes  parallel  to  die 
crystallographic  c  axis.  The  dine-fold  symmetry  of  an  ion  situated  at  either  of  these  po¬ 
sitions  ordains  axial  magnetic  interaction  matrices,  with  the  unkpie  axis  (oonveatiaoally.  a) 
coincident  with  c  Accordingly,  all  crystallogiaphically  equivalent  sites,  from  both  the  3a 
and  6c  positions,  must  be  magnedcaily  equivalent  for  any  orientation  of  the  external  mag¬ 
netic  field  within  the  crystal.  The  EPR  signal  resonance-fields  of  ions  located  at  these  sites 
are  invariant  to  roiatian  of  die  external  fidd  about  c;  field  rotatico  pcipendicaiar  to  c 
provides  a  complete  specification  of  the  letevam  magnetic  interactions.  EFRmensuwmeBts 
can  thttscleaiiy  reveal  die  substitntional  nature  of  guest  catioo  inoocpomtion  in  Ba3(VQ4)2. 
Unfortunately,  inasmuch  as  all  of  the  cation  sites  exhibit  idealical  patterns  of  magnetic 
eqnivalenoes.  EPR  measurements  cannot  directly  specify  the  occupied  site,  nor  reveal  the 
coordination  number.  For  die  preaanqxive  guests  —  «■  iom  in  higher  oxidation 

states  —  consideiations  of  ionic  charge  as  well  as  comparison  of  the  ionic  radii  of 
Bi^(l.S6  A  ^  and  (0.S0  A  ^  maloe  the  tetrahedral  site  the  only  plausible  cation 
substitution  site.  This  site  is  illustiated  in  Fig.  7.4 
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TABLE  7.1.  Ciystallognfiluc  data  for  Biq(VQ^.  Oitliaihoariiic  fSl/m.  a^.762 
A.  c=21.29  A.  Cooidiiiates  aie  given  for  hexagonal 


FIG  7.1.  Ba3(VQ4)2  crystal  lattice  showing  vanadate  tetiahedn.  View  is  parallel  to  the  a-axis 
with  the  c-axis  vertical. 


Ill 


FIG  IJL  Ba3(VQ4)2  cryatal  lattice  showing  vanadate  tetiahedia.  View  isx/4  to  the  n-axis  with 
the  e-axis  veilical. 


113 


114 


FIG  7Ji.  Ba3(VQ4)2  crystal  lattice  showing  hexagonal  unit  cdl  and 
vanadate  tetiabedra.  View  is  parallel  to  the  trigonal  axis.  c. 


lU.  APPARATUS  AND  EXPERIMENTAL  PROCEDURES 


k.Crjm^ 

Single  crystals  of  inanganese-<kq)ed  Ba3(V04)2  were  grown  by  tbe  laser  heat 
pedestal  growth  m^liod  under  an  oxidizing  atmosphere  designed  to  promote  manganese  in- 
clusion  as  Mn^.  Tbe  crystals  were  examined  opdcally  and  shown  to  manifest  absorptions 
associated  with  the  putative  Mn^  center.^  Samples  were  aquaiiuuine  in  o(4or  and  con¬ 
tained  0.2S  weight  percent  manganese  in  the  melt  Tbe  crystals  were  roughly  cylindrical 
flbers  of  approximately  1  mm  in  dummer  with  c  lying  perpendicular  to  the  cylinder  axis. 
Sample  volumes  were  approximately  0.004  cm^. 

B.  EPR  Spectroneopjr 

Em  experiments  were  performed  with  a  Vartan  E-109  X-band  spectrom^er  using 
lOCRHz  modulation  and  a  Varian  E-231  TE102  rectangular  cavity.  The  field  was  varied 
over  a  range  o(  O.OS  to  9.S  kC  and  measured  with  a  Walker  ScitmtiAc  MC-3D  gaussm^ 
that  was  calibrated  with  a  Micro-Now  Instruments  Model  SlSB-1  proton  ganssmeter. 
Observations  were  obtained  at  a  frequency  cf  9.09  GHz.  All  experiments  were  carried  out 
with  samples  at  ambient  temperature. 

The  samite  crystals  were  mounted  by  use  of  Ai^zon  N  grease  on  rexolite  sample 
tods.  The  normal  to  the  desired  crystal  rotation  {rfane  was  aligned  by  eye  along  tbe  rod  tota^ 
tion  axis;  the  alignment  error  in  mounting  was  not  more  than  qrproximately  30  mn.  The 
tods  were  then  mounted  in  a  Vartan  goniometer  and  rotated  in  the  cavity  about  an  axis 
parallel  to  the  microwave  fleid,  Bf.  and  perpendicular  to  tbe  magnetic  field.  Be.  Tbe  unco^- 
tainty  in  the  angular  orientation  of  the  sample  due  to  the  rotator  gear  was  approxinsately 
2tnn. 
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IV.  EXPERIMENTS  and  RESULTS 


Measurements  were  made  on  Ba3(VQi4)2  with  magnetic  field  rotation  in  the  aa  and 
ac  crystallographic  planes.  As  indicated  in  Sec.  II.  crystallographic  symmetry  requires  that 
the  principal  axes  cf  the  flue  structure  and  electron  Zeeman  interacticm  lie  within  these 
planes  for  any  cation  incorporated  substitutionally  in  the  BaBfVCXth  crystal.  The  EPR 
spectrum  observed  with  Bo  along  c  is  illustrated  in  Hg.  7.S.  Four  strong.  multi|det  signals 
are  evident.  The'’  can  be  identified  as  arising  from  manganese  ions  because  of  the  charac¬ 
teristic  sextet  hyperfine  structure.^^  In  addition  a  number  of  weak  signals,  which  were  not 
further  analyzed,  appear  in  the  spectrum. 

The  variation  in  neld-for-resonanoe  of  the  strong  manganese  EPR  signals  as  a  func¬ 
tion  of  orientation  of  Bo  within  the  ac  crystallographic  |dane  is  illustrated  in  Fig.  7.6;  the 
plotted  points  designate  the  center  fleld  value  of  each  hyperfine  multipleL  For  magnetic 
field  rotatioo  in  the  aa  plane,  the  fields-for-rcsonance  remain  stationary  at  values  equivalent 
to  those  observed  for  Bo  alraig  a  in  the  ac  |^e.  The  rotational  patterns  obtained  for  the 
two  planes  clearly  exhibit  the  properties  anticipated  fw  cation  substitution. 

A  readily  recognizable  relation  between  three  of  the  four  stnmg  signals  —  those 
marked  with  dtdes  in  Hg.  7.6  —  is  rqqauent  upon  closer  examinatioo  the  figure.  The 
two  higher  field  signals  ate  roughly  symtndrically  disposed  about  a  mean  field  value  that  is 
approximately  twice  that  of  the  nearly  stationary,  lower  field  signal.  This  relation  is  charac¬ 
teristic  of  an  5=1  system  with  a  flne  structure  iuteractirai  smaller  than  its  Zeeman 
interaction.  The  EPR  signals  of  the  5=1  system  also  jointly  di^ay  large  intensity  variatums 
with  magnetic  field  orientation  (in  the  ac  plane)  and  nearly  constant  hyperfine  sfdittings.  In 
contradistinction,  the  fourth  strong  signal  —  marked  with  squares  in  Fig.  7.6  —  shows  little 
intensity  variation  with  oiientaticxi  of  the  magnetic  field,  Init  a  large  anisotropy  in  its  hyper- 
flne  splittings  (87  G  with  Bo  along  c  and  20  G  with  Bo  perpendicular  to  c).  The  maximum 
intensity  of  this  signal  is  approximately  ooe-fifth  of  the  other  three.  Evidently,  this  signal 
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FIG  IJB,  Exemplary  EPR  spectra  of  maiiganese-dc^xd;  BagfVOah  with  Bo  near  c  in  the  ac 
crystallognphic  plane.  The  multipttt  lines  asagned  to  Mn^  and  Mn^  ions  are  indicated. 
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FIG  iJi.  Hekt-for-iesonance  versus  orientatiOD  of  Bo  in  the  ac  crystallognqihic  plane  for 
Mn^  (dicks)  and  Mn^  (squares)  in  Biq(VCX02-  The  points  oonespond  to  the  center  field  of 
the  ^Mn  hyperfine  sextets  observed  experimentally.  The  solid  curves  derive  from  the  best  fit 
spin-Hanuitonian  panmeteis  of  the  5=1  Mn^  ioa,  and  the  dashed  curve  derives  from  the 
5=3/2  Mn^  ion,  as  discussed  in  the  text. 
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Orientation  of  Magnetic  Field 


arises  from  a  second  type  of  panunagnetic  manganeae  km;  its  assignment  is  disaiased 
below. 


V.  ANALYSIS  AND  DISCUSSION 
A.MCcmv 


We  employed  ciyatal  growth  conditioas  designed  to  introdnce  manganese  in  its 
higher  oxidation  states,  of  ndiich  only  Mn^  admits  a  triplet  spin  state.  The  EFR  rotation 
patterns  clearly  danonstrate  that  the  manganese  ions  sabstitnte  for  cations  in  the 
BiQfVQah  structure;  as  noted  above,  both  ionic  charge  and  sine  (Mn^,  ionic  radius 
0.47  consideiatioos  clearly  imply  that  die  ions  are  incorporated  in  place  of  the 
ions,  in  tetrahedial  coordination.  Acooidin^y.  the  Ssl  manganese  center  in  Bi^VQ4)2  is 
assignaUe  as  a  t^rahednlly  coordinated  Mn^  ion  widi  energy  levels  as  illnatrated  in 
Rg.  7.7. 

The  pentavalent  manganese  ion  has  a  ground  electronic  confignration  of  [Ar]3<P 
with  the  lowest  energy  Russell-Saunders  term  of  ^F.  In  a  weak  tetrahedial  crystal  field  the 
term  is  sfdit  with  the  ^Az  state  lying  lowest.  The  existence  of  an  isolated,  orbitally  non- 
degenerate  ground  slate  supports  the  obsorvability  of  the  Mn^  EFR  signals  at  room 
temperature.^ 

For  the  purpose  of  suimiuuizing  the  EFR  results,  we  miy  consider  the  conventional 
spin  Hamiltonian,^ 

H  =  -l|«IBo*fS-»-D(5^-S«S/3HS*A*I-i-I»P*I-Kg„l|i,JBo*I  (7-1) 

in  which  IftBi  the  magnitude  of  the  Bohr  magneton  and  Ifiol  the  nnclear  magneton;  Bo  is 
the  external  magnetic  field;  S  is  the  electron  spin  operator  with  5^1,  and  I  is  die  nuclear 
spin  operator  for  ^^dn  with  g.  A,  and  P  are  axially  symmetric  matrices  that  rqne- 

sent  the  electron  Zeeman  interaction,  the  ^Mn  byperfine  interaction,  and  the  nuclear 
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FIG  7.7.  Energy  levelt  of  the  triplet  a|iiii.groiiiidelectraBic  stale  of  in  the  praMBce  of  an  ' 

external  field  afigned  panllel  (top  pand)  and  peipendicnlar  (boaom  panel)  to  the  smagnetic 
principal  axis.  The  heavy  lines  show  the  oanailiQna  possible  at  9.()9(3]z. 
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quadn^e  iateiactkn.  respectively;  D  is  the  fine  ttnicture  intenctioa  paruneier.  and  gn  is 
tbe^Mnnoclearg  factor.  The  symmetry  axis  is  takoi  ass.  Piiocipal  values  of  the  magnetic 
iatenctioD  matrices  betonging  tos  are  designated  by  the  subscript  ||.  uiule  those  beloogiiig 
to  the  principal  axes  ofthogooal  to  x  are  designated  with  the  subscript  1-  The  spin 
Hanultooian  of  Eq.  (7*1)  is  suitable  for  detailed  analysis  of  the  EPR  hypeifine  muhifriets,  in 
particular,  the  mwII  asymmetries  in  the  line  positions  intensities  that  occur  within  the  mul- 
tiplets.  We  opt  to  ignore  such  subtleties,  howev^.  and  employ  a  simplified  method  of 
analysis  that  nooethelesa  enables  us  to  characterize  the  manganese  centers  suflidently  for 
comparison  with  related  systems. 

D  and  g  values  were  obtained  by  fitting  the  adjustable  parameters  of  the  first  two 
terms  of  Eq.  (7-1)  to  the  center  field  values  of  the  hyperfine  muttiplets.  To  perform  this  cal¬ 
culation  we  employed  a  Levenberg-Marquardt  non-linear  fitting  routine,  together  with  an 
eigenfield  algorithm  similar  to  the  one  described  by  Belfoid  et  al.^  The  lesorumt  field  datt 
utilized  in  the  fitting  procedure  was  limited  to  the  values  obtained  for  Bs  in  the  ae  plane. 
Best  fit  values  were  calculated  for  D,  gg.  and  gj..  In  addition,  a  fourth  parameter.  ^  was  fit 
to  account  for  any  tilt  of  Bs  out  of  the  ae  i^ane  as  a  result  of  a  misalignment  of  the  crystal; 
a  value  of  34nBi  was  found  for  the  parameter  4.  Best-fit  spin  Hamiltonian  parametm  values 
are  shown  in  Table  7.2  togetlm  with  6nns«  the  root  mean  squared  deviation  between  the  ob¬ 
served  and  calculated  resonant  field  values.  These  best-fit  spin  Hamiltonian  parameter 
values  were  used  to  generate  the  solid  curves  in  Hg.  7.6.  Relative  transition  intensities  were 
also  calculated  based  on  these  values,  and  were  found  to  be  entirely  consistent  with  the  ex¬ 
perimental  observations. 

In  evaluating  the  principal  values  of  the  hyperfine  interaction  matrix,  A.  we  ne^ect 
the  mixing  of  the  Zeeman  states  by  both  the  hyperfine  and  fine  structure  interactions  and 
utilize  the  simple  perturbation  formula:^ 

g2A2  =  g||2A||2coe2e-*-  gi.2Ai2sin2d,  (7-2) 
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ian^iicfa. 

gihut^t  (7-3) 

O  is  the  antie  betwven  s(sc)aadBi.aodAisdie  mean  vatne  of  the  faypeffiae  ^iittife 
obeenred  within  each  mnltipkt  Beat  fit  values  of  ^  and  Ax^  were  calculated  by  linear 
least  squares  fitting  progiaai  based  on  Eqs.  (7-2)  and  (7-3).  fram  the  data  obtained  with  ■# 
in  the  ae  plane.  The  raaidtiag  best  fit  values  are  shown  in  Table  73  and  were  used  to  gen- 
eiaie  dw  solid  ewe  shofwn  in  Hg.  7.8. 

The  EFR  data  ascribed  to  the  Kfn^  km  are  well  samniarizad  by  the  qiin 
Hanaltoniaa.  ‘Ae  paianiaier  valaes  obtained  for  the  electron  Zewnan,  fine  Mnictare,  and 
^^Mn  hyperfine  iatenettoni  are  coaqnnable  to  thoae  of  ainsltf  tetrahednl  Mn^  ceaaere  in 
apatite  and  qiodioaite.^  In  all  of  dieae  syateais,  die  manganeer  osaasre  have  the  following 
chaiactsriatica:  anudl  fine  stiuctnre  intenctians  with  DM-IS  (Xb;  principal  g-valnes  that 
are  aU  approxinHaely  equal  to  g*,  the  freo-dectran  g>valne;  and  aearty  isotropic  ^^Mn 
hypeiflae  iaunctiaas  with  isotropic  coiqiling  constants  of  •-SB-TO  x  lO^cnrl.^l  The  g- 
aad  D-vahM  appear  to  be  typical  for  d*  ions  —  iaduding  Ti2*,37-t0  v3^  41-4S 
and  Fe^  ahglitly  dntocted  tetmhedial  eavirotunentB.  In  the  tetrahedral  rites  of 

fonterite  (MgaSiOe)  and  BMaO  (Ba2Mg0e207).  however,  Ct**  exhibits  a  mneh  larger 
fine  structure  inieraction  with  reqiective  D-values  of  -2  and  «4  For  both  of 

dieae  systona,  die  optical  spectra  indicaie  diat  the  lowest  excitsd  sttie  derives  from  the  ^2 
tenn,^'^  rather  diaa  from  as  in  the  studied  tstmhedtal  qratams.^*"^  This  order¬ 
ing  rrilects  die  impact  that  dighdy  weaker  and  more  dutorted  ligand  fields  have  on  the 
positian  and  the  s|ditting  of  ^2;  tlteae  properties  likewise  largriy  determine  the  size  of  die 
fine  structure  parameters.^ 
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Patameier 

Mn^ 

Mn-** 

6nni (G) 

7.8 

t.8 

D(GHz) 

±3.81  (0.01) 

±28(8) 

81 

1.9608(0.0003) 

1.977(0.001) 

8x 

1.9722(0.0004) 

1.963(0.002) 

4(tadian8) 

0.105(0.003) 

0.105 

1 

TABLE  IJL  Spin  HamiltoniMi  puamelen  for  Ss^tl  and  5=1  Mn^  substituting  for 
I  in  single  crystals.  The  tabulated  values  (standard  deviations  in  parentheses) 

are  detemnned  by  kast-atpiares  adjuatment  as  described  in  the  text 

I 

I 


1  noameter 

Mn^ 

Mn^* 

1 

AiidOAair*) 

±70(10) 

±80(4) 

1  Aj.(10-W‘) 

±60(10) 

±19 

'  TABLE  7J.  ^^fn  hyperfine  interaction  principal  values  focS^l  Mn^  and  S^H  MiT^ 

I  substituting  for  in  Ba3(VQ4)2  single  crystala  The  tabulated  values  (standard  deviations 

in  parentheses)  arc  detemnned  by  least-squares  adiustment  as  described  in  the  text 

I 

I 
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FIG  7A  Mean  hyperfine  splittiag  vs.  orientatioa  Bo  in  the  ae  cfystallogiaphic  plane  for 
Mn^  in  Ba3(VOi4)2.  The  points  are  the  experimental  data,  and  the  solid  curves  derive  from  the 
best  nt  hyperfine  paiameteis,  as  described  in  the  text. 


129 


ooooooooo 


QO’O  parcnbs8upjii<*S3“yJ3d/«H  “^W 


B.  AddWoiuJ  Ceater 


The  remaining  strong  manganese  EPR  signal  entails  a  single  multiplet  that  exhibits 
a  rotational  pattern  compatible  with  assignment  as  either  an  authentic  5=1/2  ion.  an  de¬ 
fective  doublet  system  —  fcv  example,  an  5=^/2  system  with  a  fine  structure  interaction 
sufficiently  large  that  only  the  transitioos  between  the  ±1/2  Zeeman  levels  ate  observable 
under  our  experimental  conditicms.  as  illustrated  in  Fig.  7.9.  Givm  the  oxidizing  conditions 
for  growth  of  the  crystals,  the  only  reascmable  choices  for  the  paramagnetic  center  are  Mn^ 
(5=1/2  or  5=3/2)  or  Mn^  (5=1/2). 

The  tetravalent  manganese  ion  has  a  ground  electrmuc  configuration  of  [Ar]3d3 
with  the  lowest  energy  Russell-Saunders  term  of  In  a  weak  tetrahedral  crystal  field  the 
^  term  is  split  with  the  ^  i  state  lying  lowest  Trigonal  distortion  of  the  ligand  tetrahedron 
leads  to  either  a  M2  or  a  ^  ground  state.  In  strmg  tetrahedral  crystal  fields  the  ground 
state  is  with  trigonal  distoitioiis  producing  no  further  splitting.  Hexavaknt  manganese 
has  a  ground  electronic  configuration  of  [Ar]3d^  with  a  free  ion  term  of  ^O.  In  a  tetrahedral 
crystal  field,  the  term  is  s|4it  with  the  %  state  lying  lowest;  trigonal  distortions  produce 
no  further  splitting.  Of  the  three  possibilities  ~  high-spin  Mn^,  low-spin  Mn^,  or 
Mn^  —  only  the  first  admits  an  orbitally  mn-degenerate  ground  state  in  Csv  symmetry, 
and  would  thus  be  most  conducive  to  the  detection  of  EPR  at  room  teiiq)eratute. 

To  muster  additional  support  for  this  assignment,  we  exfriore  the  comparative  suit¬ 
ability  of  spin  Hamiltcmians  appropriate  for  either  an  ^1/2  and  ^:d/2  system  to  account  for 
the  experimental  data  of  Fig.  7.6.  specifically,  the  magnetic  fidd  strmigth  at  tltt  center  of 
the  hyperfine  imiltiplets.  Relevant  paiamder  values  were  calculated  by  a  procedure  analo¬ 
gous  to  that  outlined  above  for  the  5=1  ion.  For  the  ^1/2  treatment  only  the  first  term  ctf 
Eq.  (7-1)  was  considered;  the  adjustaUe  parameters  in  the  fit  woe  limited  to  g||  and  gx-  For 
the  S=3/2  case,  the  first  two  terms  of  Eq.  (7- 1)  were  considered  and  both  D  and  the  g-values 
were  adjusted. 
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FIG  IS,  Energy  levels  of  the  quartet  spin,  ground  electronic  state  of  in  the  presence  of 
an  external  field  aligned  perpendicular  (top  panel)  and  parallel  (bottom  panel)  to  the  s  mag¬ 
netic  principal  axis.  The  diagram  illustrates  the  restricdoos  on  possible  EPR  transitions  of  an 
Ss^/2  system  that  apply  when  the  fine-structure  interaction  is  large  compared  to  the  EFR 
frequency.  The  splitting  (2D}  between  the  zero-fieid  doubles  is  S6  GHz;  the  arrows  show  the 
transitioas  possible  at  9.09  GHz. 


132 


For  all  calculations,  rescmant  field  data  employed  in  the  fitting  procedure  was  lim¬ 
ited  to  the  values  obtained  for  Bo  in  the  ac  plane.  The  panmeter.  was  fixed  to  the  value 
of  34tn]i  obtained  for  the  S^l  ion  above.  Best-fit  spin  Hamiltonian  parameter  values  for 
both  cases  are  shown  in  Table  7.4  tog^her  with  &nns.  tbe  root  mean  squared  deviation  be¬ 
tween  the  observed  and  calculated  resonant  field  values. 

Two  features  the  best-fit  values  shown  in  Table  7.4  indicate  that  the  assignment 
of  the  manganese  center  as  an  5=3/2  ion  is  correct.  First,  the  addition  of  D  as  an  adjustable 
parameter  results  in  a  significant  (by  chi-square  testing  decrease  in  the  value  of  6nns- 
Second,  according  to  the  5=1/2  treatment  we  find  gi=4.  While  such  a  value,  which  greatly 
deviates  from  ge,  is  not  beyond  the  realm  of  possibility,  the  fact  that  gx  assumes  a  value 
that  is  very  close  to  2ge  readily  lends  itself  to  an  alternative,  more  i^ausible  explanation.  As 
dialed  in  the  appendix,  the  5=3/2  spin  Hamiltonian  matrix  can  be  block  factored,  for  large 
D.  into  ±1/2  and  ±3/2  manifolds;  the  ±1/2  manifold  is  identical  to  an  5=1/2  Hamiltonian 
matrix  with  a  doubling  of  the  value  of  gj.-  The  g-values  shown  in  the  first  cdunm  Table 
7.4  nuy  thus  be  regarded  as  a  signature  of  an  5=3/2  system  with  g-values  near  ge,  but  with 
a  large  fine  structure  interaction.  Accordingly,  we  assign  this  center  to  high-spin.  icm. 

The  best-fit  spin  Hamilunrian  parameter  values  for  the  5=3/2  ion  were  used  to  gen¬ 
erate  the  dashed  curve  in  Fig.  7.6.  EPR  tranation  intensities  calculated  for  the  S=3/2  ion 
based  on  these  best  fit  spin  Hamiltonian  parameter  values  were  also  found  to  be  craisistent 
with  the  experimental  observations.  As  suggested  by  the  illustrations  in  Fig.  7.9.  the  obser¬ 
vation.  under  our  experimental  conditicms.  d'  only  a  sin^e  EPR  tianation  —  bdonging  to 
the  NV=^1/2  Zeeman  levels  d  the  5=3/2  system  —  estadishes  that  D  is  must  be  larger  than 
~20  GHz.  The  value  d  D  obtained  in  the  fitting  procedure  conforms  to  this  requirement 
Inasmuch  as  the  effect  of  the  fine  structure  interaction  on  the  resonant  energy  levels  varies 
as  ( g  I  liiRlBf»sin6)^/2D.  the  piecisioa  with  which  the  value  d  D  is  determined  is  modest 
There  is  also  a  correspondingly  a  larger  error  in  gx  than  in  gi:  when  Bollz,  the  observed 
EPR  transition  has  no  dependence  on  D.  To  evaluate  the  hypetfine  interaction  parameters 
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3.7 

1.8 

D(GHz) 

— 

±28(8) 

ai 

1.960(0.001) 

1.977(0.001) 

g± 

3.955  (0.003) 

1.985(0.002) 

TABLE  7.4.  Spin  Hamiltanian  panin^ers  for  the  “additional”  numganese  center,  calcu¬ 
lated  by  least-squares  adjustment  under  the  altenuuive  assumptions:  5=1/2.  and  5=3/2. 


135 


fOT  the  S^/2  oenter,  we  utilized  Ecp.  (7-2)  and  (7-3)  in  essentially  the  same  manner  em¬ 
ployed  for  the  system.  The  best  fit  values  oS  A||  and  Aj.  obtained  for  the  Ss3/2  crater 
are  shown  in  Table  7.3.  These  values  were  used  to  generate  solid  curve  in  Fig.  7. 10. 

The  Mn^  ion  is  clearly  revealed  by  the  sin^  crystal  rotation  patterns  fo  occupy  a 
cation  site  in  die  Ba3(VQ4)2  structure.  As  noted  above,  ionic  size  considerations  (Mn^, 
ionic  radius  0.S3  tbnt  the  ions  are  incmporated  in  jriaoe  of  V^,  in  tetrahedral 

coordination.  Such  coordination  of  <P  ions  is  unusual,  although  not  widiout  precedent 
Tetrahedral  Cr^  has  been  found  in  host  crystals  oi  Be2Si04  and  AlPQs-^^  In  addition. 
Mowat  et  al.^  have  described  an  organom^allic  complex.  Cr(CH2SiMe3)^,  that  contains 
traahedrally  ligated  Cr^.  In  all  of  these  systems,  only  the  ±1/2  transition  was  observed  in 
the  EPR  spectra  because  ai  die  large  value  ai  D;  g-values  near  ge  were  also  reported  for 
these  sysmms.  A  few  optical  studies  of  tetrahedral  Cr^  have  also  been  rqiorted. 

The  observation  of  Mn^  centers  in  the  Ba3(VOl4)2  crystals  is  particularly  intriguing 
because  no  such  centers  were  repotted  in  the  studies  of  manganese-doped  phosphates 
(apatites  and  spodiositBS).^  Vanadate  crystals  are  commonly  darltened  by  die  presence  of 
defects  that  appear  to  involve  ions.^  It  is  tempting  to  suggest  that  in  the  manganese- 
doped  vanadate,  a  fraction  of  die  Mn^  impurities  mtidize  the  V4+  to  the  normal,  vanadate 
valence  state.  This  process  would  both  elinnntue  paramagnetic  centers,  which  were  not 
detected  in  our  EPR  experiments,  and  yidd  the  observed  Mn^  centers. 

VL  CONCLUSION 

From  this  sin^e  crystal  EPR  study,  we  have  demonstrated  the  incorporation  of  two 
distinct  paramagnetic  manganese  centers  at  cation  sites  in  B^(VQ4)2.  Analysis  of  their 
EPR  spectra  indicates  that  the  two  centers  are  high-spin  Mn^  and  Mn^ions.  with  relative 
abundances  of  -S:  1.  Although  the  exact  substitution  position  can  not  be  posidvdy  deter¬ 
mined  from  the  EPR  spectroscqpy  —  as  both  Ba^-^  and  occupy  positions  of  similar 
crystallognqshic  symmetry  —  it  is  certain  that  the  Mn^  and  Mn^  ions,  with  radii  d* 
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FIG  7.10.  Mean  hyperfine  splitting  vs.  orieittation  of  Be  in  the  nc  crystallognphic  plane  for 
Mn^  in  BaafVQsh-  The  points  are  the  experimental  data,  and  the  solid  curves  derive  from  the 
best  nt  hyperfine  parameters,  as  described  in  the  text 
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0.S3  A  and  0.47  A  respectivdy,  subatituie  for  the  nearly  eqiuvakitt  feiiahedral  (0.50 
A)  rather  than  the  much  larger  Ba^-^  (1.S6  A)  ion.^^  The  preaenoe  of  Mn^  in  tetrahedral 
latdoe  sites  has  not  been  tqwned  previously,  aldtou^  the  iaoelectrooic  km  has  been 
observed  in  tetrahedral  cooidination.^^-^  The  spin  Hamiltoniaa  parameters  obtained  for 
the  Mn^  center  are  consislait  widi  values  found  for  Mn^  and  for  other  (P  ions  in  sli^itly 
distorted  tetrahedral  environments.  The  fine  structure  interaction  is  substantialiy 

smaller,  however,  that  exhibited  by  Cr^  in  the  tetrahedral  sites  of  forsterite.  10,12-14 
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ApfMBdlx:  5-3/2  with 


The  flne  structuie  and  Zeeman  tenns  of  the  spin  Hamiltonian  of  an  5^3/2  ion  in  an 
axial  ftekl  can  be  iqmsented  in  the  basis  of  hi|li  fiekl  Zeeman  states  {l/2,-l/2. 3/2,-3/2} 


Jib  0  ' 

0  JSb 

D  +  ^n  0 

0  D-%a 

in  which. 

and 


+  b 

b  -D-3^a 

0 

0  Sb 


(7-4) 


(7-5) 


(7-6) 


If  2D.  the  sepaiation  between  the  ±1/2  and  i3/2  manifolds,  is  much  larger  than  the  res¬ 
onance  frequency,  then  the  matrix  elements  connecting  them  are  negligible,  and  the  matrix 
is  effectively  block  diagonalized.  In  this  situatioa.  EFR  transitions  are  forbidden  within  the 
±3/2  manifold  but  are  allowed  within  the  ±1/2  manifold,  die  spin  Hamiltonian  of  which  is 
represented,  apart  from  an  inconsequential  scalar  term,  as: 

lyj  2g>,^sin(J\ 

^  V2g^|^.|B,sin^  -g,|ti.|B,oos#/ 


This  form  is  identical  to  the  spin  Hamiltooian  matrix  of  an  ^1/2  system,  provided  that  one 
identifies 

g^(5->{)-2g^(5-l5).  (7-8) 

The  factor  of  two  in  (7-8)  proceeds  from  the  5-dependence  of  the  matrix  elements  of  the 
operatOR  Sfr  An  analogous  result  also  ap(4ies  to  the  bypeifine  interaction. 
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Chapter  8. 


Electron  Pnmmi^netk  Rcaonancc  Spectroocopy  of 
Clironiiam-D<9od  Lanthnnam  Latethutt  Gnllinm  Gnm^ 


Michael  H.  Whitmoie  and  David  J.  Smfel 

Department  of  Chemistry,  Harvard  University, 

12  (hc/brd  Street,  Cambridge,  Massachnsetts  02138 

ABS1SACT 

PPg  (riiigfinn  wMnniieg)  of  sinf^  cryttala  of  the  aolid-slate  laser  ma- 

terial.  chramiimi-doped  laathanmn  luietiinn  garnet  (LLGG),  are  reported.  The 

qwctn  reveal  the  incocpontioa  of  Ci^  ioos  at  tetrahedral  Ga^  sites.  These  results  are  at 
variance  with  die  work  of  Lewis  (Ap|d.  Phys.  AS2. 31  (1991))  who  suggested  die  presence 
of  Ci^  in  octahedral  sites  with  severe  distortions. 
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I.  INTRODUCTION 


Chrooaium  ions  are  well  known  to  substitutionally  incorporate  as  Cr^  at 
octahedral  sites  in  a  variety  of  garnets  —  including  YAG,^~*  YGG,^>^  and  GSGG  This 
substitution  is  of  significance  for  both  the  ai^vation  and  radiation  protection  of  lasers 
made  from  such  materials.  Recently.  Lewis  reported  the  single  crystal  EPR  (electron 
paramagnetic  resorumce)  investigation  of  Cr^  centers  in  chromium-doped  lanthanum 
lutetium  gallium  garnet  (LLGG),  a  material  of  specific  interest  owing  to  its  unusually 
large  octahedral  sites.^  '  v:  EPR  spectra  obtained  for  LLGG  were,  however,  vastly 
different  from  those  found  for  other  chromium-doped  garnets  systems.  Lewis  accounted 
for  these  unusual  spectra  by  postulating  substantial  distortion  of  the  octahedral  sites 
occupied  by  the  Cr^  ions. 

In  current  work,  we  are  utilizing  EPR  spectroscopy  to  characterize  the 
incorporation  of  Sd^  ions  in  host  crystals  with  potential  as  near  IR,  tunable  solid  state 
lasers.  In  particular,  we  have  investigated  the  Cnforsterite  laser  (Cr:Mg2Si04),^^2  fca* 
which  the  active  species  was  assigned  to  Cr^  substituting  for  Si^  at  tetrahedral  lattice 
sites,  and  the  Mn:Ba3(V04)2  laser.l^  for  which  the  active  center  was  assigned  to  Mn^ 
substituting  for  tetrahedral  The  latter  material  also  showed  the  presence  of  Mn^ 

at  the  tetrahedral  sites  —  an  unusual  comdination  geometry  for  a  Sd^  ion.^^  The  report  of 
near  IR  laser  activity  in  chromium-doped  garnets,  ascribed  to  tetrahedral  Cr^ 
centers,^^’^^  motivated  us  to  examine  the  EPR  spectrum  of  chromium-doped  LLGG.  In 
diis  letter  we  report  the  results  of  this  study.  In  agreement  with  Lewis,^  we  attribute  the 
dominant  EPR  lines  in  LLGG  to  Cr^  ions.  We  suggest,  however,  that  these  ions  are 
lodged  —  like  the  Mn^  centers  in  barium  vanadate^^  —  at  tetrahedral  lattice  sites. 

n.  EXPERIMENTAL  METHODS 

Single  crystals  of  chromium-doped  LLGG  were  obtained  from  Dr.  M.  R.  Kokta  of 
Union  Carbide  Corporation.  The  crystals  were  medium  green  in  color  and  fiee  of  visible 
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flaws.  The  samples  were  cut  into  right  triangular  prisms  with  faces  perpendicular  to  the 
[100],  the  [110]  and  (nominally)  the  [111]  directions;  the  latter  face  was  by 

approximately  30  me.  Sample  volumes  were  approximately  0.01  to  0.02  cm^. 

EPR  experiments  were  peifonned  with  a  Varian  E-109  X-band  spectrometer  using 
lOOkHz  modulation  and  a  Varian  E-231  TEiq2  rectangular  cavity.  The  field  was  varied 
over  a  range  of  O.OS  to  10  kG  and  measured  with  a  Walker  Scientifle  MG-3D  gaussmeter 
that  was  calibrated  with  a  Micro-Now  Instruments  Model  51S-1  proton  gaussmeter. 
Observations  were  obtained  at  frequencies  cS  9.5  GHz.  Most  experiments  were  carried  out 
with  sam|des  at  ambient  temperatures,  altbou^  some  were  perfonned  at  temperatures  of 
approximately  100  K  and  10  K.  Low  temperatures  were  achieved  using  either  a  Varian 
E-257  VariaUe  Temperature  Accessoty  or  an  Air  Products  LTD-3-110  HeliTian  liquid  He 
transfer  system.  The  sample  oystals  were  rotated  for  field  orientation  studies  with  a  Varian 
goniometer  system  described  previously. 

m.  RESULTS  AND  ANALYSIS 

Measurements  were  made  on  LLGG  with  magnetic  field  rotation  in  the  (1(X)).  (110), 
and  the  nominal  (111)  crystallographic  planes.  Only  diree  major  EPR  features  are  found  at 
room  temperature.  The  first  consists  of  two  or  three  symmetry  related  lines  (approximately 
50-60  G  in  width)  which  are  observed  in  all  three  planes.  These  lines  are  several  times 
larger  than  any  other  signals;  we  assign  them  to  chromium  ions.  The  second  consists  of  a 
single  line  (approximately  50  G  in  width)  which  remains  stationary  in  aU  three  planes  at  a 
resonance  field  of  3451  G.  The  third,  observed  only  with  Bp  in  (100)  and  (1 10).  consists  of 
a  single  line  (approximately  20  G  in  width)  which  remains  neariy  stationary  at  2513  G  and 
has  appreciable  intensity  only  with  Bo  within  ^20*  of  [100],  In  additioo,  a  number  of  broad 
and  weak  transitions  were  observed  at  resonance  field  below  1750  G.  Typical  spectra  for 
LLGG  are  shown  in  Hgures  8.1  and  8.2. 
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FIG  S.1.  Typical  EPR  qxctn  of  duomiuiiHloped  LLGG  with  Bp  akog  a  [100]  diieciicn 
and  Bi  along  a  second  [100]  duectkxL  The  two  large  lines  arise  from  chiomiuin  ions  at 
tetFahedral  lattioe  sites. 
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FIG  Typical  EFR  ^)eGm  of  duoaunnHloped  LLGG  with  Ba  along  a  [100]  directioa 
and  Bi  along  a  [100]  duection.  The  two  large  lines  arise  from  chramium  ions  at 
tetrahedral  sites.  The  arrow  dnws  the  weaker  EFR  line  from  the  third  tetrahedral 


Tbe  fidds-for-reaonance  of  the  chiomiiim  lines  were  measured  as  a  function  of  oci* 
entadon  of  Bo  within  the  (110).  (1(X)).  and  the  nominal  (111)  ciystall(^ra})hic  planes.  The 
results  for  the  latter  two  planes  are  shown  as  the  plotted  points  in  Figures  83  and  &4.  The 
presence  of  two  lines  moving  90*  out  of  (diase  for  rotadoo  of  Bo  in  tbe  (100)  plane  and  tbe 
existence  of  line  extrema  for  Bo  along  [1(X)]  indicate  that  the  signals  originate  from  tetra¬ 
hedral  sites  (see  appendix  1).  This  is  in  conbast  to  pattens  expected  for  ions  located  at 
octahedral  sites,  for  wiiidi  tbe  resonant  field  extrema  should  occur  with  Bo  along  [110]. 
The  curves  also  reveal  that  only  one  resonance  transidon  is  observed  for  each  magnedcally 
inequivalent  site. 

The  assignment  to  tetrahedral  sites  is  further  oonfitmed  by  the  observadon  of  tbe 
three  lines  moving  (approximately)  60*  out  of  phase  for  Bo  rotation  in  the  nommal  (111) 
plane.  Differences  in  the  resonanoe  field  maxiina  of  the  three  lines  for  rotation  in  this  plane 
are  due  to  misalignment  of  the  crystal:  this  misalignment  allows  Bo  to  make  a  slightly 
difTerent  angle  with  each  tetrahedral  site’s  n«cia  On  the  other  hand,  regaidleas  of  mis¬ 
alignment,  Bo  must  sdll  pass  perpendicular  to  die  »4xis  of  each  site  for  rotadon  of  the  field 
near  this  plane.  Thus  tbe  resonance-field  for  each  line  should  be  equivalent  at  one  extrema: 
this  is  tbe  case  for  the  minima  of  each  line. 

There  is  one  anomaly  in  this  analysis  of  the  signals:  die  absence,  for  field  rotation  in 
the  ( 100)  plane,  of  tbe  line  that  oorresponds  to  the  tetrahedral  site  for  which  Bo  is  always  in 
perpendicular  to  x  (see  appendix  1).  The  results  above  indicate  that  this  line  should  remain 
stationary  at  the  resonanoe  field  miniina  of  the  two  symmetry  related  lines  actually 
observed  in  this  plane.  To  rescdve  this  conflict,  qiectra  were  taken  with  Bo  rotation  in  die 
(110)  fdane  and  specifically  with  Bo  aligned  along  [110].  These  spectra  show  two  strong 
lines:  one  at  a  resonance  field  oonespondiiig  to  die  crossing  of  tbe  two  lines  for  Bo  along 
[110]  in  the  (100)  plane  and  a  second  corresponding  to  the  nuasing  line  in  the  (100)  {dane. 
With  this  in  """4,  careful  examinadon  spectra  with  Bo  rotadon  in  the  (100)  |dane 
revealed  tbe  predicted  stadonary  line,  albeit  at  much  lower  intensity  than  observed  for 
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FIG  8J.  Hekl-for-ieMnaiice  vs.  onentttiao  of  B«  in  die  (100)  ayslallognphic  plane  for 
cfaioinitan  in  UXjG.  The  points  aie  the  experimental  data. 
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Cr-doped  LLG  Garnet 

ino) 


(O)  PPU 
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Orientation  of  External  Held: 


FIG  &4.  Retd-for-reacoaDce  va.  oiieataliaii  of  near  the  (111)  ciystaUopaiiinc  plane  for 
chfomiiim  in  LLGG.  The  poinia  are  the  experimental  dam.  As  explained  in  the  text  the  dif¬ 
ferent  maxima  for  the  three  corves  are  doe  to  tmaalignment  of  the  ciyalal  which  allows  Bf 
to  make  a  differeitt  angle  with  each  sites  magnetic  a-axis. 
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either  the  conespoadiag  line  in  the  (110)  plane  or  the  other  two  symmetry  idaied  lines  in 
the  (100)  plane;  this  low  intensity  line  is  indicated  in  Hgure  8.2  by  an  arrow.  It  is  evident 
from  these  ilndings  that  the  intensity  of  the  observed  tnnsitioii  is  dependent  on  the 
orientation  of  the  microwave  field.  Bi.  rotatioo  (rf  Bn  in  (100),  the  site  corresponding  to 
the  stationary  line  has  Bi  along  its  s^ucis,  whenas  for  rotation  of  Bo  in  (110)  the  same  site 
has  Bi  perpendicular  to  its  nnxis;  Bi  is  also  perpendicnlar  to  tlw  >-axes  of  the  sites 
correspoodingtothe  two  strong  transitions  observed  for  rotation  of  Bo  in  the  (100)  plane. 

In  assigning  the  proper  spin  multiplicity  to  the  chromium  center  in  LLGG  three  key 
observations  must  be  accounted  for.  1)  the  presence  of  only  a  sin^e  resonance  absorption 
per  magnetically  inequivalent  site  in  the  surveyed  fidd  range,  2)  the  dependence  of  the  in¬ 
tensity  of  the  signal  on  the  miciowave  field  orwntatioo  within  the  crystal,  and  3)  the 
existence  of  a  resonance  field  maxima  for  Bo  along  the  ion’s  magnetic  a-axis  and 
ootiesponding  mimma  for  Bo  perpendicular  to  this  axis.  These  results  indicate  the  agnal 
arises  from  the  transition  of  an  Ss3/2  ion  with  a  large  D  splitting. 

Lewis  ^  observed  signals  similar  to  ours  for  rotation  (tf  Bo  in  the  (l.-2,l)  ]dane  of 
LLGG  and  analyzed  tihem  in  terms  of  Sa3/^  Ct^.  He  obtained  an  isotropic  gsl.978  and  a 
fine  structure  splittiiig.  D.  of  approximately  14.4  GHz.^  Although  these  parameter  values 
are  reasonably  consistent  with  the  sin^e  transition  we  observed,  spectral  simulations  indi¬ 
cate  that  these  values  should  produce  sevoal  additiorul  strong  transitions  in  the  0  to  10  kG 
range  (see  appendix  2)  which  were  not  detected  in  our  mote  detailed  study.  As  these  addi¬ 
tional  transitions  would  move  outside  our  experimental  field  range  for  Dc>~20  GHz,  and  die 
S=±l^  transition  is  relatively  insensitive  to  the  value  of  D.  we  suspect  the  true  D  value  to 
be  somewhat  higher  than  that  predicted  by  Lewis. 

IV.  DISCUSSION 

Chromium  cation  substitution  in  LLGG  can  potentially  occur  at  either  octahedral  or 
tetrahedral  lattice  sites.  In  undistorted  garnet  the  ate  symmetry  of  the  former  is  T  while 
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that  of  the  latter  isT ;  both  imply  uniaxial  magnetic  interaction  paiameters  (EsO)  with  the 
unique  fine  structure  axis  oriented  along  the  [111]  directions  for  octahedral  sites  and  along 
[100]  diiectiQos  for  tetrahedral  sites.  This  orientation  of  axes  in  turn  implies  spedTic 
patterns  of  magnetic  equivaleaces  and  fleld-for-resooance  extrema  when  B#  is  rotated  in  the 
(100)  plane.  For  ions  at  tetrahedral  positions  there  are  three  magneticaUy  inequivalent  sites: 
two  with  sigiuls  that  move  x/2  out  phase  and  have  extrema  for  Bp  parallel  to  a  [100] 
direction  and  a  third  with  signals  stationary  at  an  extrema.  For  ions  at  octahedral  positions, 
there  are  two  magnetically  inequivalent  pairs  of  sites.  Signals  for  the  pairs  move  x/2  out  of 
phase  and  have  extrema  for  Bo  parallel  to  a  [110]  directkxL  The  data  repotted  here  are 
clearly  compatible  with  assignment  to  ions  at  tetrahedral  sites  both  in  the  vanishing  of  E 
and  in  the  orientation  of  magnetic  axes. 

On  the  basis  of  ionic  radii  oonsideratioos,  duomium  cation  subsntniion  in  the 
LLGG  lattioe  is  most  likely  at  those  sites  for  which  Ga^  occupation  is  also  possible.  At  the 
nme  of  Lewis’s  report,  Ga^  was  thought  to  occupy  all  tetrahedral  and  a  small  fraction 
(~3%)  of  the  octahedral  sites  in  LLGG.^'^  It  was  therefore  feasiUe  to  suggest  tiiat  Cr^  ions 
could  occupy  distorted  octahedral  sites  similar  to  those  thought  to  be  inhabited  by  Ga^. 
The  recent,  more  detailed,  rqxxt  of  Parise  et  however,  shows  Gi^  to  occiq^  only 
tetrahedral  sites  with  all  octahedral  sites  occupied  by  the  much  larger  lut^ura  If  we 
assume  an  incorporation  of  Cr^  ions  in  the  LLGG  lattioe  analogous  to  diat  of  Gs?^  ions 
(which  have  equivalent  charge  and  ionic  radii),  then  our  observations  outlined  above  are 
quite  reasonable.  On  the  other  hand.  Cr^  ions  would  pay  a  price  in  ligand  field 
stabilization  energy  for  incorporatiQn  in  tttrahedral  rather  than  octahedral  coordination. 
These  ions  might  therefore  have  a  preferenoe  for  placement  at  octahedral  sites.  Such  a 
preference  is  irrrplicitly  assumed  by  Lewia^  If  this  view  is  correct,  then  to  explain  the  EFR 
spectra,  Cr^  octahedra  in  LLGG  should  be  characterized  by  a  distortion  diat  moves  the 
fuie  structure  axes  from  parallel  to  the  [111]  directions  to  parallel  to  the  [1(X)]  directirnis 
while  nonetheless  maintaining  an  axial  fine  structure  interaction  (E=0).  Such  a  distortion. 
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wlule  possible,  is  impluisibie,  especially  in  view  of  the  nooexistenoe  of  octahedral  sites 
occupied  by  Qa^.  We  believe  that  the  simplest  explanatioa  of  the  expeiimental  results  is  to 
assign  Ci^  to  the  tetrahedral  ates.  Althou^  tetrahednlly  coordinate  d^  ions  are  rare,  they 
are  not  unpracedeiUed.  Tetrahedral  Cr^  has  been  found  in  host  crystals  of  BesSiOa  and 
AlPQ^.^  Mowat  et  o/.^^  have  described  an  organometallic  complex,  Cr(CH2SiMe3)^,  that 
flowtaifia  tBtiahediaily  ligated  Cr^.  In  additiocu  tetrahedral  has  been  reported  in 
Bs9(VQ4)2.^^  In  all  these  systems,  only  the  ±V^  transition  is  observed  in  the  EFR  spectra 
because  of  the  large  size  at  D,  and  g-values  near  ge  are  found.  These  results  are  very  similar 
those  reported  by  ns  above  and  by  Lewi^  for  Ci^  in  LLGG.  In  contrast,  EFR  studies  of 
octahedral  coordinale  Cr^  in  YAG  and  YGG  have  found  stoaller  D-values  with  several 
EFR  transitions  observed.  A  few  optical  studies  of  tetrahedral  Ci^  have  also  been 

reported.22.23j4 

It  is  puzzling  that  no  EFR  signals  from  tetrahedral  Cr^  ions  are  observed  in 
LLGG  —  though  it  is  possiUe  that  some  ci  the  smaller  lines,  which  were  not  analyzed, 
could  arise  from  this  center.  At  this  time,  the  only  account  of  Cr*^  ions  in  garnet  is  that  of 
Akhmadulin  «/.  of.  who  report  acoustic  EFR  o(  octahedral  Cr^  in  YAG. 25  A  possiUe  ra¬ 
tionale  for  the  lack  of  observed  tetrahedral  Cr^  agnals  in  garnets  is  a  large  D  quitting  for 
the  chroiniom  ion  in  combiiution  widi  the  tetrahedral  site’s  axial  symmetry.  Chromium 
ions  located  at  axially  symmetric  sites  would  have  a  flne  structure  parameter  E  =  0.  making 
it  impossible  to  detect  the  type  of  transitions  that  have  been  observed  for  tetrahedral  d2  ions 
in  forsterite,!  ^  BMaG,^^  and  If  die  chromium  ion  had  a  D  fitting  consider¬ 

ably  larger  than  the  microwave  quanta,  detecticm  of  signals  would  only  be  possirie  in  a 
very  narrow  range  oi  crystal  orientations  for  tite  magnetic  field  strengths  used  here  (see 
appendix  2). 
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AppcadizI:  Crystal  Stractare  of  LLGG 

Garnets  have  the  general  molecular  formula  { A}3(B]2(C)30i2  where  A  is  a  trivalent 
rare  earth  or  uranium  group  ton  in  dodecahedral  coocdimuionv  B  is  a  trivalent  iron  giotqt  ion 
in  octahedral  coordination,  and  C  is  a  trivalent  iron  group  ion  in  tetrahedral  coordination.^ 
In  mixed  garnets,  such  as  LLGG,  there  is  partial  replacement  of  A  ions  by  B  ions  and  B  ions 
by  C  ions.  It  has  been  possible  to  dope  garnets  with  a  great  variety  of  trivalent  cadmis,  as 
well  as  charge  compensated  tetravalent  and  bivalent  cations.  Regardless  of  composition, 
garnet  crystals  are  of  cubic  symmetry  with  the  space  group  Ia3d.  The  structure  is  composed 
of  O^'  ions  linking  a  six-coordinate  B^  ion.  a  four-coordinate  ion  and  two  eight  coor¬ 
dinate  A^  ions.2'7  Eight  {A}3[B]2(C)30i2  formula  units  constitute  the  unit  cell.  The  A^ 
ions  are  situated  at  the  crystallographic  24c  positions,  the  B^*^  ions  at  the  16a  positions  and 
the  ions  at  the  24d  positions.^^  All  of  the  cation  positions  are  located  at  invariant,  spe¬ 
cific  coordinates,  whereas  die  ion’s  general  coordinates,  as  well  as  the  lattice  constant  a, 
vary  for  differently  constituted  garnets.  Lanthanum  lutetium  gallium  garnet  (LLGG)  has  a 
nominal  formula  La3Lu2Ga30i2,  but  electron  microprobe  analysis  shows  an  actual  distri¬ 
bution  corresponding  approximately  to  the  formula  {La2.37Luoj5}[Lu2.oKGa3.o)Oi2.^* 
Crystallographic  data  for  LLGG  is  given  in  Table  8.1. 

As  the  ionic  radii  of  the  A^*^  ions  is  quite  large  compared  to  that  of  Cr^*^  or  Cr*^,  in¬ 
corporation  of  chromium  through  cationic  substitution  can  occur  only  at  the  16a  or  24d 
positions.  The  former  have  site  symmetry  T,  whereas  the  latter  have  site  symmetry  T.  Ions 
at  die  16a  positions  have  trigonal  distortions  of  the  octahedra  such  diat  the  T  axis  lies  along 
one  the  four  [111]  directions  of  die  cubic  crystal.  In  addition,  pairs  of  ions  sharing  a  com¬ 
mon  distortion  axis  are  rotated  in  opposite  directions  about  this  axis  by  an  angle  of  ±a  for  a 
total  of  eight  possible  magnetically  inequivalent  sites.^^  Fortunately,  ions  with  electron 
spins  of  5=3/2  or  less  are  magnetically  indistinguishable  for  rotatimi  about  a  symmetry  axis; 
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Ion  Site  Sym. 


Coontinaffs 


X 

y 

z 

u 

24c 

222 

0 

0.2S00 

0.1250 

+3 

Lu 

Ida 

T 

0 

0 

0 

+3 

Ga 

24d 

7 

0 

0.2500 

03750 

+3 

0 

96h 

T 

0.0300 

0.0576 

0.6569 

-2 

TABLE  8.1.  Ciystallogni^c  data  for  LLGG  (LiBLu2G^Oi2)-  Cubic  Ia3di. 
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therefore,  there  will  be  only  foar  nagnetially  diarimaialMihle  sites,  odi  with  axial  symme- 
tiy  about  one  of  the  four  [1 1 1]  diiectioiis. 

Ions  at  die  24dpo«itioM  have  tetragonal  diatoitione  of  the  tenahedneoch  that  the  7 
axis  lies  along  one  of  the  four  [100]  difectiaos  of  the  cubic  ciyaiaL  In  addition,  pairs  of 
ions  sharing  a  rnmmm  distortion  axis  are  rotated  in  opposite  directions  about  this  axis  by 
an  Mte**  ±^  for  a  total  of  six  possible  magnedcally  inequivaleiit  sites.  28  as  above,  only 
half  of  these  sites  will  be  magnetically  diaiinginshahle  for  ions  of  5=3/2  or  leas,  and  thus 
there  will  be  only  diiee  magnetically  distingutshable  sites.  Each  site  will  have  axial  symme¬ 
try  about  one  of  the  three  [100]  direcdons. 

t)ue  to  the  multiple  orientttkms  of  the  symmetry  axes  for  ions  at  both  the  octahedral 
and  tetrahedral  sites,  die  patterns  of  magnetic  equivalencies  are  complex.  For  ions  located 
at  octahedral  sites,  a  magnetic  fidd.  Be.  along  a  [111]  direction  produces  one  inequivakat 
site  widi  Be  along  the  site’s  symmetry  axis,  conventionally  labded  s,  and  three  equivalent 
sites  eadi  with  Be  at  an  angle  of  TOS  to  the  ions*  a  axes.  Be  along  a  [110]  direclion  pro¬ 
duces  two  pairs  of  equivalent  sites;  the  fust  with  Be  perpendicular  to  x  and  die  second  with 
Be  333*  to  a.  Bo  along  the  [100]  direction  produces  four  equivalent  sites  with  Be  at  54.T  to 
the  ions’  saxes. 

For  octahedral  sites  rotation  of  Be  in  the  (111)  plane  produces  three  inequivakat 
sites  for  which  Be  moves  from  perpendicular  to  xto  19.5*  to  a;  there  is  a  60*  phase  differ¬ 
ence  with  respect  to  the  field  orientation  between  the  each  of  the  three  silea  For  the  foorth 
inequivalent  site  Be  is  oonstandy  perpendicular  to  a.  Rotation  of  Be  in  the  (110)  {dane  pro¬ 
duces  two  inequivalent  sites  for  whidi  Be  moves  from  parallel  to  a  for  eadi  site  (along 
[111])  to  perpendicular  to  a  for  eadi  site  109.S*  out  of  phase.  These  sites  are  equivakot 
with  Be  along  the  [110]  direction.  The  remaining  two  sites  are  always  equivalent  as  Be 
moves  from  perpendicular  to  a  (along  [110])  to  345*  to  a  (along  [100]).  All  four  sites  are 
equivalent  with  Be  along  [100].  Hnally,  rotadon  of  Be  in  the  (100)  ]dane  produces  two 
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ptiis  equivatent  sites  for  which  Bo  moves  from  popeodicnlar  to  z  (sloog  one  [110])  to 
353*  to  s  (along  a  second  [1 10])  90*  ont  d*  phase  for  the  two  pairs;  aU  sites  are  equivalent 
for  Bq  along  [100]. 

For  ions  located  at  tetrahedral  sites.  Bo  along  a  [111]  diiection  produces  three 
equivalent  sites  each  with  Bo  at  54.T  to  each  site’s  z  axis.  Bo  along  the  [110]  direction  pro¬ 
duces  a  pair  of  equivalent  sites  for  whidi  Bo  is  45*  to  each  site’s  a  and  a  third  site  for  which 
Bo  is  peipendicolar  to  the  site’s  z  Filially.  Bo  along  the  [100]  direction  produces  a  pair  of 
sites  with  Bo  perpeodicolar  to  z  and  a  single  site  with  Bo  parallel  to  z. 

For  tetrahedral  sites,  rotation  of  Bo  in  die  (111)  plane  produces  three  inequivalent 
sites  for  which  Bo  moves  from  perpendicnlar  to  zto  353*  to  z;  there  is  a  60*  phase  differ* 
ence  with  respect  to  oiieiitation  of  the  field  between  each  site.  Rotation  d*  Bo  in  the  (110) 
plane  produces  a  single  site  for  which  Bo  moves  from  paialld  to  z  (along  [100])  to  perpen¬ 
dicular  to  z  (along  [110])  and  a  pair  of  equivalent  sites  for  niiich  Bo  moves  from 
perpendicniar  to  z  (along  [100])  to  45*  to  z  (along  [110]);  all  sites  are  equivalent  for  Bo 
along  [111].  Rotation  of  Bo  in  the  (100)  plane  produces  a  sin^e  site  for  which  Bo  remains 
constantly  perpendicular  to  z  and  a  pair  sites  for  which  Bo  moves  from  peqiendicular  to  z 
(along  [100])  to  parallel  to  z  (along  a  second  [100]).  The  latter  two  sites  are  equivalent  with 
Bo  along  [110]  and  move  90*  out  of  phase  with  reqiect  to  orientation  of  Bo- 

The  disparate  patterns  of  magnetic  equivalences  for  the  octahedral  and  tetrahedral 
sites  should  peimit  ready  identification  of  the  crystallograpliic  position  of  a  substituted  ion. 
Rotation  in  the  (1 10)  plane  should  provide  complete  spedflcation  for  an  ion  incorporated  at 
an  octahedral  site:  for  two  sites  Bo  moves  from  parallel  to  the  unique  axis.  z.  to  the  axial 
plane,  perpoidicolar  to  r  In  the  same  way  rotation  in  the  (100)  plane  should  provide  com- 
{dete  specification  for  an  ion  incorporated  at  a  tetrahedral  site. 
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APPENDIX  2:  SimuiatioM 


The  following  figures  are  spectral  simulations  of  5=1  and  5=^/^  centers  in  sites  of 
axial  symmetry  —  such  as  Cr^  and  Cr^  in  the  octahedral  and  tetrahedral  sites  in  garnets 
—  for  various  values  of  the  fine  structure  parameter,  D.  The  figures  plot  angle  of  orienta¬ 
tion  of  Bo  in  a  plane  containing  the  unique  axis,  z,  (i.e.,  the  (100)  plane  in  garnet  fw 
tetrahedral  sites)  versus  signal  resonance  field.  These  plots  were  calculated  using  the 
eigenfield  algorithm  given  in  the  appendix  and  the  spin  Hamiltonian, 

H  = -I  mbI  Be  •  g  •  S  +  D  (Sz2  -  S  •  S /3) 

in  which  Ipel  is  the  magnitude  of  the  Bohr  magneton,  B#  is  the  laboratory  field,  g  is  tl» 
Zeeman  interaction  matrix,  S  is  the  electron  S|w  operator,  with  5=1  or  5=^/^,  and  D  is  the 
fine  structure  parameter,  z,  y,  and  zcomprise  the  principal  axes  of  the  fine  structure  interac¬ 
tion.  To  simidify  the  calculatioos  g  was  assumed  to  be  isotropic  with  a  value  of 
qrproximately  ge.  Relative  signal  intensities  were  also  calculated  and  are  shown  as  the  error 
bars  on  the  data  points. 
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9.5  GHz 
lO  GHz,  g=2.0 


Angle  from  unique  axis  (z) 


Spin  1  at  9.5  GHz 
D=3  GHz,  E=0.0  GHz,  g=2.0 


Angle  from 


Spin  1  at  9.5  GHz 
D=16  GHz,  E=0.0  GHz,  g=2.0 


(951)  PPH 
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Angle  from  unique  axis  (z) 


spin  1  at  9.5  GHz 
D=20  GHz,  E=0.0  GHz,  g=2.0 


(D^l)  PPM 
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Angle  from  unique  axis  (z) 
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Angle  from  unique  axis  (z) 


Spin  1  at  9.5  GHz 
D=100  GHz,  E=0.0  GHz,  g=2.0 


Angle  from  unique  axis  (z) 


t9.1  GHz 
.0  GHz,  g=2.0 


Spin  312  at  9. 1  GHz 
D=15  GHz,  E=0.0  GHz,  g=2.0 
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Angle  from  unique  axis  (z) 


Spin  3/2  at  9.1  GHz 
D=50  GHz,  E=0.0  GHz,  g=2.0 


(051)  PPH 
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Angle  from  unique  axis  (z) 
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Characterization  of  Optical  Centers  in  Mn:Ba3(V04)2  by  Spin-Echo  EPR 
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Abstract 

Novel  cw.  time-resolved,  and  optical  double 
resonance  modes  of  EPR  spectroscopy  provide  a 
detailed  characterization  of  a  new  laser  material. 
Mn:Ba3(V04)2-  The  presence  of  both  Mn"*'*'  and 
Mn^'*'  centers  in  shown  by  cw  EPR  spectroscopy. 
Spin-echo  modulation  effects  provide  experimental 
evidence  that  the  manganese  substitutes  for  vanadium 
at  tetrahedral  lattice  sites.  A  new  spin-echo  optical 
double  resonance  technique  is  introduced  to  selectively 
probe  the  near  IR  absorption  spectrum  of  the  Mn^"*" 
center,  in  order  to  prove  that  Mn^^  is  the  active  ion. 

Introduction 

The  spectroscopic  characterization  of  metal  ions 
incorporated  in  insulator  host  crystals  is  an  importai 
source  of  information  guiding  the  development  of  solic 
state  lasers.  The  identification  of  active  guest  ions  an 
their  modes  of  incorporation  into  the  host  can  play 
critical  role  in  enabling  the  development  of  material 
with  deliberately  tailored  optical  properties.  EPi 
(electron  paramagnetic  resonance)  techniques  -  includin 
both  vintage  single-crystal  rotation  methods  an 
recently  developed  time-domain  methods  [1,21  -  hav 
proven  to  be  well-suited  to  this  task,  and  can  b 
especially  useful  for  materials  designed  for  broa 
mnability:  broadening  of  optical  lines  limits  the  utilit 
of  simple  optical  techniques.  The  lack  of  an 
selectivity  for  optically  active  ions,  however,  can  be 
serious  disadvantage  of  EPR  in  complex  materials,  an 
has  motivated  us  to  explore  methods  enjoining  pulse 
laser,  optical  excitation  and  time-resolved,  spin-ech 
EPR  to  ctnrelate  optical  and  paramagnetic  centers. 
Here  we  report  the  detailed  characterization  of  a  new 
transition  metal  laser  system.  Mn;Ba3(V04)2  (31,  by 
the  application  of  an  array  of  EPR  methods,  including 
cw,  pulsed,  and  optical  double  resonance  techniques. 


Experimental  Results  and  Dicussion 
Single  crystals  of  Ba3(V04)2  doped  with  manganese 
(0.25%  by  weight  in  the  melt)  were  grown  by  laser 
heat  pedestal  growth  method  under  an  oxidizing 
aunosphere  by  Dr.  H.  R.  Verdun  of  Fibertek,  Inc.  A 
-4  mm^  sample  was  used  in  all  experiments  described 
here. 

An  exemplary  cw  EPR  spectrum  is  shown  in  Fig. 
1.  Four  strong  signals  are  evident,  with  characteristic 
multiplet  structure  from  the  coupling  of  the  electron  to 
the  55Mn  nuclear  moment.  As  detailed  elsewhere  (41, 
the  variation  of  the  resonant  field  strength  as  a  function 
of  field  orientation  reveals  the  presence  of  two  distinct 
types  of  manganese  paramagnetic  centers. 


Field  (kG) 


Figure  1.  EPR  spectrum  of  Mn;Ba3(V04)2.  The 
spectrum  was  obtained  with  the  magnetic  field  aligned 
with  the  crystal  c  axis  at  9.09  GHz  and  ambient 
temperature.  Multiplets  assigned  to  the  Mn^'*'  and 
Mn^'*'  centers  are  indicated. 
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One  center,  a  spin  triplet,  is  assignea  to  Mn^'*'.  while 
the  second  is  a  quartet  spin,  species.  Both 
evidently  substitute  for  cations  at  threefold  symmetry 
sites  in  the  Ba3(V04)2  structure.  Charge  and  size 
considerations  (Ba2+,  1.56  A;  0.50  A;  Mn5+  and 
Mn'^'*'  0.47  and  0.53  A.  respectively)  make 
substitution  for  V^'*'  more  pbusible.  in  which  case  the 
managanese  ions  would  be  lodged  at  tetrahedral  sites. 

We  tested  this  conjecture  experimentally  by 
measuring  the  magnetic  interaction  of  the  guest  ions 
with  the  nuclei  in  the  vanadate  lattice.  The 
technique  used  involves  the  spin-echo  -  a  characteristic 
transient  response  of  the  electron  spin  system  to 
resonant,  pulsed  (nsec)  excitation.  Sublevel  structure 
from  the  coupled  ^  W  appears  as  a  quantum  beat  in  the 
Mn^'*'  spin  echo  decay,  as  illustrated  in  Fig.  2.  In  the 
Mn:Ba3(V04)2  system  the  beat  occurs  at  the 
Zeeman  frequency  (2.7  MHz)  indicative  of  weak 
hyperfine  coupling. 

For  such  weakly  coupled  systems,  the  modulation 
amplitude  varies  as  <nr‘^sin2e>.  where  r  is  the  Mn-V 
distance.  0  is  the  angle  between  the  Mn-V  line-of- 
centers  and  the  external  field,  and  n  is  the  number  of 
nuclei  characterized  by  each  (r,6)  [1].  Because  of  the 
stark  dependences  on  r  and  0,  modulation  effects  often 
arise  from  a  single  shell  of  the  neighboring  nuclei 

Our  analysis  of  the  time-domain  waveform  is 
consistent  with  assignment  of  the  Zeeman 
frequency  modulation  to  the  three  second  shell 
nuclei  that  lie  4.6  A  from  a  Mn5+  ion  hypothetically 


situated  at  the  tetrahedral.  site  (5).  This 
consistency  provides  additional  support  for  the  notion 
that  Mn5+  substitutes  for  V^'*'  in  Ba3(V04)2. 

In  order  to  prove  that  the  Mn^*^  is  the  laser  center, 
we  introduced  a  novel  EPR -optical  double  resonance 
technique.  We  detect  the  spin-echo  transient  just  after 
pulsed  optical  excitation  within  the  narrow,  near  IR 
absorption  band  of  the  Mn:Ba3(V04)2.  assigned  by 
MerkJe  et  al.  [3]  to  the  ^A-^E  transition  of  teuahedral 
Mn5+. 

Spin-echoes  sample  the  population  difference  of 
electron  spin  levels  on  resonance.  Loser  induced  optical 
transitions  from  the  ground-state  sublevels  perturb  the 
Boltzmann  populations,  and  thus  change  the  spin-echo 
amplitudes.  This  effect  provides  a  means  for  EPR- 
selected  optical  excitation  spectroscopy. 

As  the  scanned  excitation  (Nd:YAG  with  Roman 
shifter)  wavelength  reaches  the  optical  absorption,  the 
spin-echo  signal  should  decrease,  as  population  is 
removed  predominantly  from  the  lower  ground  state 
spin  sublevel,  thereby  decreasing  the  population 
difference  between  the  resonant  spin  sublevels: 
conversely,  at  the  high  wavelength  edge  of  the  optical 
absorption  the  upper  sublevel  is  preferentially 
depopulated  and  the  echo  signal  should  increase.  A 
derivative  spectral  lineshape  is  thus  expected. 

This  lineshape  is  evidenced  in  the 
experimental  spectrum  of  Fig.  3,  which  otherwise 
reflects  the  position  and  width  of  the  active  ion 
absorption  observed  by  Merkle  et  at.  [3).  The  spectrum 
in  Fig.  3  (a  light  off/on  difference  spccurum)  was 
obtained  by  scanning 


Figure  2.  Spin  Echo  Decay  with  Nuclear 
Modulation  registered  at  4.4  K  by  excitation  of  the 
Mn5+  EPR  line  at  9.23  GHz  and  2303  G  with  the  field 
along  the  a  axis.  The  modulation  occurs  predominantly 
at  the  5  W  Zeeman  frequency  (2.7  MHz). 


Wavelength  (nm) 


Figure  3.  Mn^'^-seleciive  near  IR  excitation  spectrum 
of  Mn:Ba3(V04)2.  obtained,  by  the  EPR-optical 
double  resonance  method  described  in  the  text,  at  4.4  K 
with  a  field  of  5160  G  aligned  with  the  c  axis  and  EPR 
at  9.35  GHz.  The  delay  between  the  optical  and  spin- 
echo  excitation  is  600  nsec,  and  the  spin-echo 
interpulse  delay  is  350  nsec. 
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the  near  IR  absorption  while  observing  the  high-field 
EPR  signal  of  the  S^l.  Mn^*^  center  with  the  external 
field  (3160  G)  along  the  crystal  c  axis  (upper  two 
triplet  sublevels  on  ETO).  The  double  resonance  effect 
proves  that  the  tetrahedral  Mn^'*’  is  the  lasing  ion. 

The  inherent  time-resolved  nature  of  this  technique 
provides  a  route  for  gaining  insight  into  the  dynamics 
of  the  cycle  of  excitation  and  relaxation.  For  example, 
by  scatuiing  a  delay  interposed  between  the  laser  and 
microwave  pulses  (2],  we  have  found  that  the  recovery 
of  the  sublevels  to  thermal  is  equilibrium  is  dominated 
by  electron  spin-lattice  relaxation,  not  by  the  decay  of 
the  excited  state.  This  observation  rationalizes  the 
presence  of  the  additional  spectral  feature,  in  Fig.  3.  t 
-1173.8  nm  .  When  the  lowest  triplet  sublevel  (off 
EPR)  is  pumped  by  the  laser  pulse,  some  spin-iatdee 
relaxation,  predominantly  from  the  middle  sublevel, 
occius.  This  relaxation  (indireedy)  decreases  the  probed 
population  difference,  and  leads  to  a  negative 
(difference)  sigiutl  that  occurs  at  -10  GHz  !o  the  high 
energy  side  of  the  trough  of  the  main  signal. 

The  feasibility  of  this  type  of  pulsed  EPR-optical 
double  resonance  experiment  is  contingent  on  high 
absorption  cross-sections  (to  facilitate  large,  laser- 
induced  changes  the  ground  state  populations),  and 
sufficiently  (>10^  nsec)  long-lived  excited  states  (to 
bottleneck  the  repopulating  of  the  ground  state). 
Paramagnetic  centers  that  behave  either  as  lasing 
centers  or  as  saturable  absorbers,  increasingly  used  in 
Q-switch  applications,  can  thus  be  probed.  The  other 
EPR  meth(^  -  including  both  single  crystal  rotation 
methods  and  electron  spin  echo  modulation  techniques  - 
are  more  broadly  applicable  for  quantifying  and 
characterizing  paramagnetic  centers  regardless  of  their 
optical  characteristics.  They  are  therefore  especially 
attractive  for  probing  the  nature  radiation-induced  or 
other  extraneous  defects  that  can  affect  laser 
performance. 
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